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This work has made a series of attempts at fabricating advanced composite membranes 
for gas separation with material like Matrimid PI, polymer/zeolite mixed matrix material 
and carbon/zeolite mixed matrix materials. The membranes are in the geometry of either 
flat dense film or hollow fibers.  
 
First of all, defect-free dual-layer Matrimid/PES hollow fibers have been developed using 
the advanced dual-layer co-extrusion technology. The calculated apparent dense-layer 
thickness is about 2886Å. Experimental results also reveal that the separation 
performance of dual-layer hollow fiber membranes is extremely sensitive to the outer 
layer dope flow rate, and the inner layer dope flow rate also has some influence. 
 
A new material for gas separation, carbon-zeolite KY composite membrane has been 
fabricated through the carbonization of zeolite-filled mixed matrix membrane.  The 
composite membrane comprises zeolite KY entities incorporated in carbon membrane 
matrix, and possesses a very attractive separation performance by capitalizing on the 
superior separation properties of zeolite KY.   
 
This work is also among the first relevant attempts in realizing the idea of forming 
hollow fibers with ultra-thin polymer/zeolite mixed matrix skin for gas separation. Once 
again, by applying the dual-layer technology, such hollow fibers are accomplished.  
 
 x
The investigation on hollow fibers with polymer/zeolite mixed matrix skin for gas 
separation starts with the morphological study. It is assumed that three factors play 
important roles in determining the nano-particle distribution in both cross-section and 
outer surface of the resultant fibers. They are 1) shear within the spinneret, 2) die swell 
when exiting from the annulus spinneret and 3) elongation drawing in the air gap region. 
The SEM studies reveals that the dual-layer hollow fibers spun with longer air gap have 
more nano particles distributed on the outer surface. This observation confirms the 
assumptions.  
 
The mixed matrix hollow fibers with poor gas separation performance are revitalized by 
post-treatment involving thermal treatment followed by coating. SEM pictures confirm 
that heat treatment at above Tg can significantly densify the loose mixed matrix layer and 
produce hollow fibers with a thin mixed matrix selective layer of around 1.5 to 12 µm. 
Three types of silicone rubber coatings were applied and compared. It is found that, after 
a two-step coating, the ideal selectivity of these fibers increases to surpass that of the neat 
polysulfone membrane. Hollow fibers thus treated have reasonable selectivity for He/N2 
and O2/N2 separation. 
 
Finally, a novel p-xylenediamine/methanol soaking method is employed as a supplement 
method to heat treatment and coating in removing the polymer/zeolite interface defects of 
the mixed matrix structure. Comparison between fibers with both soaking and thermal 
treatment and those sole treated with heating reveals that the former has a more intimate 
polymer/zeolite interface. Hydrogen bonding simultaneously occurring between 
 xi
zeolite/p-xylenediamine and p-xylenediamine/polymer is proposed as the possible 
mechanism for the tightened attachment between the two phases. The improvement of 
separation efficiency was associated to several factors. The ideal selectivities of the 
mixed matrix hollow fibers in this work are around 30 % and 50 % superior over that of 
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Gases are of great importance in many aspects nowadays. A case in point is that, in feed 
stock industry, six major industrial feed stock chemicals are all gases, which are Oxygen, 
Nitrogen, Ammonia, Chlorine, Ethylene and Propylene (Maier, 1998). In 1994, the world 
market demand for industrial gases was US$ 26 billion; it is estimated that the market 
volume for industrial gases has an expected annual growth of 4% in industrialized 
countries and 14% in Asia (CHEManager).  
 
The gas separation or purification is now primarily carried out by cryogenic separation, 
pressure swing adsorption and membrane separation. In the past few decades membrane 
separation entered the gas separation territory previously occupied by the conventional 
cryogenic separation and pressure swing adsorption as an energy-efficient candidate. It 
rapidly became a major interest in a broad range of separations with increasing scales and 
diversities (Rousseau, 1987; Ho and Sirkir, 1992; Nunes and Peinemann, 2001). Hybrid 
systems based on the combination of these techniques are also becoming attractive 
options (Spillman, 1989; Agrawal, 1990). In gas separation, the final applications of the 
product gases in concern determine the requirements on purity, and consequently, the 
choice of the purification method; the feed property also influences the choice of the 
separation technology (Koros and Flemming, 1993).  
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The development of membrane separation market through 1996 to 2000 and expected 
growth rate are summarized in Table 1.1. Membrane-based gas separation accounts for 
US$ 250 million/per year as shown in this table. The major applications of membrane in 
gas separation include Nitrogen and Oxygen enriched air, natural gas treatment and 
Hydrogen recovery.  
 
Table 1.1. Development of membrane process market 




Dialysis 1300 2100 10 
Microfiltration 600 960 10 
Ultrafiltration) 350 560 10 
Reverse Osmosis 250 450 12 
Gas exchange 160 260 10 
Gas separation 120 250 15 
Miscellaneous >5 >10 7 
Electrodialysis 80 130 10 
Total 2940 4810 >10 
 
 
With the identification of novel membrane and separation process having higher 
efficiency and stability, the importance of this process to solve issues involving critical 
separation requirement such as refinery, petrochemical and natural gas treatment will 
increase. Table 1.2 illustrates the predicted membrane gas separation markets [9].  
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Table 1.2. Future market of membrane gas separation (Baker, 2001).  
Membrane Market (US$ million,2000) Separation 
2000 2010 2020 
Nitrogen from air 75 100 125 
Oxygen from air <1 10 30 
Hydrogen 25 60 150 
Natural gas    
CO2 30 60 100 
NGL <1 20 50 
N2/H2O 0 10 25 
Vapor/nitrogen 10 30 60 
Vapor/vapor 0 20 100 
Air 
dehydration/other 
15 30 100 
Total 155 340 760 
 
 
1.1 MEMBRANE-BASED GAS SEPARATION AND ITS HISTORY 
 
In gas separation, a membrane is a semi-permeable barrier that permits the preferential 
transport of one or more component(s) of a feed mixture, thereby enabling the separation 
(Paul and Yampol’skii, 1994). In the process, it hinders the gross mass movement 
between the two phases, while permits preferred passage of certain species from one 
phase (upstream) to the other (downstream) (Koros and Flemming, 1993; Mulder, 1996); 
as a result, the bulk phase on one side of the membrane will be enriched of certain 
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components, while the other side almost depleted of them. This transport of gas species 
across the membrane is caused by chemical potential gradient due to concentration 
different or pressure difference or both between the upstream and downstream. Fig. 1.1 is 











   
Fig. 1.1. Schematic diagram of membrane separation process 
of a two-components mixture. 
 
 
The history of membrane-based gas separation can be dated back to around 170 year ago 
when Thomas Graham observed gaseous osmosis for the air/carbon dioxide system 
through a wet animal bladder (Kesting and Fritzsche, 1993). The first important 
discovery on membrane-based gas separation was made by Mitchell from Philadelphia. It 
was found in his experiment that the rubber balloons expanded at varying rates when 
different gases (Hydrogen, Carbon dioxide and other gases) were filled. Fick, another 
prominent physiologist, developed the famous Fick’s law in 1855, by using cellulose 
nitrate membranes as the mediums for his quantitative study of gas diffusion through 
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non-porous systems; the Fick’s law soon became an important rule in deriving transport 
models in membranes. Later, many significant scientific works associated with gas 
separation membranes were accomplished by Thomas Graham. In 1866, he postulated the 
Graham’s law of gas diffusion (Graham, 1866a) and found out that the gas transport rate 
through the membrane did not correlate with the diffusion constant. Based on this 
observation, he concluded that the transport does not occur in the pores, but the 
membrane material itself. The pioneering work on quantitative measurement of the rate 
of gas penetration through natural rubbery film was carried out by him. The widely-
applied gas transport mechanism known as solution-diffusion mechanism was proposed 
by him; according to this theory, the gas first adsorb on the surface of the rubber 
depending on the inherent properties of the gas, then the gas “comes to evaporate” and 
reappears on the other side of the membrane. He made the first effort at separate oxygen 
from air with a membrane and obtained an oxygen enriched air with 47% oxygen. The 
first design of experiments on hydrogen permeation across inorganic membrane was also 
attributed to Graham (Graham, 1866b).  
 
The permeability coefficient, P was originally defined by Von Wroblewski, as the flux, J 
multiplied by the ratio of L/∆p, in which L is the thickness of the membrane and ∆p is the 
difference between the upstream and the downstream pressures. In his study, the P was 
shown to be a product of diffusivity (D) and solubility (S). This finding was in well 
agreement with Graham’s model on the solution-diffusion mechanism. The transient 
permeation was first studied by Haynes. According to his design, the transient and steady 
state gas permeation could be measured. The time lag, θ, related to the membrane 
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selective layer thickness and gas diffusivity, D by θ=L2/D could be obtained by 
extrapolating the steady state permeation to the time axis. Following this scientific 
progress, the experimental designs known as the Daynes-Barrer method were established 
by Barrer in 1930s and 1940s. Some notable contributions were made to the development 
of gas transport theory by Barrer including the definition of the widely-used unit for 
permeability, Barrer (1 Barrer=1X10-10cm3(STP)-cm/s-cm2-cmHg), the demonstration of 
temperature dependence of permeability and diffusivity follows the Arrhenius equation 
and the dual mode concept of sorption in glassy polymers.   These models later were 
further investigated and improved by Michaels (1963), Veith (1965), Paul (1969), 
Petropolos (1970), Paul and Koros (1976). The important breakthroughs in the membrane 
science are summarized and listed in Table 1.3 (Kesting and Fritzsche, 1993).  
 
Table 1. 3. Scientific developments of gas separation membranes (Kesting and 
Fritzsche, 1993). 
 
Scientist (Year) Event 
Graham (1829) First recorded observation 
Mitchell (1931) Gas permeation through natural rubber 
Fick (1855) Law of mass diffusion 
Von Wroblewski (1879) Permeability coefficient product of diffusion and absorption 
coefficients 
Kayser (1891) Demonstration of validity of Henry’s Law for the adsorption of 
carbon dioxide in rubber 
Lord Rayleigh (1900) Determination of relative permeabilities of oxygen, nitrogen and 
argon in rubber 
Knudsen (1908) Knudsen diffusion defined 
Shakepear (1917-1920) Temperature dependence of gas permeability independent of 
partial pressure difference across membranes 
Daynes (1920) Developed time lag method to determine diffusion and solutility 
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Barrer (1939-1943) Permeabilities and diffusivities followed Arrhenius equation 
Matthes (1944) Combined Langmuir and Henry’s Law sorption for water in 
cellulose 
Meares (1954) Observed break in Arrhenius plots at glass transition temperature 
and speculated about two modes of solution in glassy polymers 
Barrer, Barrie and Slater 
(1958) 
Independently arrived at dual mode concept from sorption of 
hydrocarbon vapors in glassy ethyl cellulose 
Michaels, Vieth and 
Barrie (1963) 
Demonstrated and quantified dual mode sorption concept 
Vieth and Sladek (1965) Model for diffusion in glassy polymers 
Paul (1969) Effect of dual mode sorption on time lag and permeability 
Petropoulos (1970) Proposed partial immobilization of sorption 
Paul and Koros (1976) Defined effect of partial immobilizing sorption on permeability 
and diffusion time lag 
 
 
From 1960s, the efforts at developing membrane process into a commercial technology 
were initiated based on the aforementioned fundamental works. The problem of 
membrane thickness was first solved by Loeb and Sourirajan in 1963 (Loeb and 
Sourirajan, 1964) with the invention of asymmetric membranes. These membrane have a 
thin dense skin of approximately 0.2 µm supported by a porous support and were applied 
for reverse osmosis. Later, these membranes were applied for gas separation by 
modification from a wet state to a dry state while maintaining the integrity of the 
selective layer and porous support in membrane.  The asymmetric structure was first 
introduced into the flat sheet membranes followed by hollow fibers.  
 
The first attempt at producing gas-separation membrane through industrial technology 
was made in 1970s (Kesting and Fritzsche, 1993). These membranes were made from 
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poly (vinyltrimethyl silane) and formed into plate and frame module with a selective 
layer thickness ranging from 0.2 to 0.4 µm.  Pinholes were reported to be existing in 
these membranes, which caused a significant depression of the selectivity to 70 ~ 75% of 
the intrinsic property in homogeneous dense membrane with the same material. More 
significant work at developing more efficient membranes and modules, especially hollow 
fibers were attributed to Dow Chemical and Du Pont. The hollow fiber with an outer 
diameter of 30 to 40 µm and internal diameter of around 18 µm was fabricated by 
polyester.  
 
Even though there is a great potential for membrane separation, most of the previous 
work at commercializing membranes has been hindered by the difficulties of obtaining 
simultaneously the good selectivity (mainly deteriorated by the surface defects or 
pinholes) and the high productivity (ultrathin selective layer). A major breakthrough 
conquering this deficiency in the membrane development was made in 1980s by Henis 
and Tropido (Henis and Tripodi, 1980). Their invention of coating asymmetric 
polysulfone membranes with silicon rubber effectively sealed the pinholes and led to first 
generation of commercial gas separation membrane, Prism or Prism Separator. These 
separators are devices with a modular design and used for the separation of hydrogen 
from the product stream of ammonia synthesis and the oxo-alcohol process. In the 
application of processing a purge gas from an oxo-alcohol reactor fed with H2, CO2 and 
CO, around half of the available H2 and CO2 previously lost in the purge gas has been 
recovered by a hollow fiber module (Burmaster and Carter, 1983).  
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This successful work was carried out by Monsanto and stimulated intensive work by 
other researchers in developing novel membrane (Baker, 2002). The engineers in Permea 
introduced Lewis acid: base complex to fabricate asymmetric hollow fibers with a graded 
skin (Kesting et al., 1990; Kesting and Fritzsche, 1993). Koros’ groups made asymmetric 
flat membranes with an ultrathin skin layer less than 600 Å (Pinnau and Koros, 1990; 
Pesek and Koros, 1994). Later, Chung and his colleagues from Hoechst Celanese 
successfully modified Permea’s technology and prepared 6FDA-polyimide membranes 
with high performance in gas separation (Chung et al., 1995). In addition, the good 
performance of the membrane separation system by Monsanto has led to the extensive 
investigation into the novel gas separation area with demanding requirement such as the 
recovery of carbon dioxide from the tertiary oil in 1980’s (Graham and Mclean, 1983; 
Stookey et al., 1984).  
 
1.2 COMMERCIAL APPLICATIONS FOR GAS SEPARATION MEMBRANES   
 
As a non-thermal process compared to some conventional separations, membrane 
technologies are especially attractive in avoiding thermodynamically imposed limitation 
on heat utilization (Koros, 2004). Currently, the major application of gas separation is the 
separation of noncondensible gases such as Nitrogen enrichment from air, natural gas 
purification, and Hydrogen recovery from nitrogen and refinery. 
 
1.2.1 Nitrogen and oxygen enriched air 
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Membranes compete strongly with cryogenic and pressure swing adsorption processes in 
low purity (95-99%) and low capacity area for the production of nitrogen enrichment 
(Koros and Mahajan, 2000). Nitrogen membranes are attractive as inert blanketing of 
perishables during transportation due to their compact and lightweight. Examples include 
OBIGGS (On Board Inert Gas Generating System) in aerospace, purging and blanketing 
in chemical processing, chemical tanker inerting in marine; in addition, they are also 
popular in packaging of food and beverages. With improved membrane technology, 
nitrogen enrichment membranes are expected to continue to claim market share from the 
more traditional separation processes (Ho and Sirkir, 1992). The highlight of this 
applicatioin may be the plant from Praxair in Leonhout, Belgium, which began operation 
in 1996 and can yield up to 19100 Nm3H-1 (nearly 24 thr-1) of pure nitrogen.  
 
On the other hand, oxygen enrichment is applied in a much smaller scale due to current 
limitations in membrane materials’ properties and the vigorous competition from pressure 
swing adsorption. As a result, the commercial application of these membranes is 
primarily confined to medical area where relatively low oxygen purity is required 
(Matson, 1986). Currently, there is also a demand for low purity oxygen by enhanced 
combustion applications; but limitation in combustions, not the membranes, has hindered 
their implementation (Spillman, 1989).  
 
1.2.2 Natural gas treatment 
 
Membranes are well suited for natural gas purification and compete effectively with 
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amine scrubbing operations (Spillman, 1989; Kesting and Fritzsche, 1993). Most glassy 
membrane materials have high selectivities for Carbon dioxide and Methane separation, 
resulting in efficient removal of Carbon dioxide. The Carbon dioxide removal membrane 
systems in Texas, Argentina, Indonesia and natural gas sweetening systems in Colorado 
are now being used to replace the less environmentally friendly amine treatments.  Since 
natural gas is typically extracted from wells at high pressure, the cost for feed gas 
compression can be significantly reduced. However, since many species in natural gas 
stream can interact strongly with the polymers, proper material selection and gas pre-
treatment are essential.  
 
1.2.3 Hydrogen recovery  
 
As mentioned in section 1.1, hydrogen recovery by membrane was the first industrial 
application of membrane-based separation technology. It can compete strongly with the 
cryogenic distillation and pressure swing adsorption. The importance of processing crude 
oils while reducing sulfur content of fuels to prevent them from doing harm to the 
environment has a high demand on hydrogen recovery. Other hydrogen separations based 
on membrane technology currently being used include the adjustment of syngas ratios 
and recovery of hydrogen from nitrogen (ammonia production) and hydrocarbons 
(refinery processes) (Ho and Sirkir, 1992; Kesting and Fritzsche, 1993; Paul and 
Yampol’skii, 1994). The high selectivities of typical glassy membrane materials make 
these separations extremely efficient. Nevertheless, the instability of the membrane 
materials with hydrocarbons’ exist in the feeds has limited its wide application in refinery 
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(Ho and Sirkir, 1992). Moreover, the fast escape of hydrogen at the permeate side has 
made the recompression necessary, which increase the operation cost.  
 
1.2.4 Other potential separations 
 
The applications also being pursued include SO2 removal from smelter gas streams, NH3 
removal from recycle streams in ammonia synthesis and olefin/paraffin separations in 
hydrocarbon processing, recycling of helium, separation of SO2 an NOx from exhaust 
fumes (Stookey et al., 1984; Strathmann, 1992; Koros and Flemming, 1993; Kesting and 
Fritzsche, 1993; Paul and Yampol’skii, 1994; Stern, 1994). Among these emerging 
applications, the separation of hydrocarbons and chlorofluoro carbon vapors from air 
appears to be rapidly transferred to the status of commercialization. Separation of olefinic 
and paraffinic gases such as ethane/ethylene and propan/propylene is one of the important 
tasks in petroleum refining and petrochemical industries. Unsaturated hydrocarbons like 
ethylene and propylene are demanded in large amounts in the production of polyethylene, 
polypropylene, copolymer ethylene/propylene, acrylonitrile and cumene (Othmer, 1982; 
Rosenberg and Chong, 1997). In olefin/paraffin separation, membrane is attractive owing 
to the significantly minimized operating cost. There have been many studies for this 
separation using facilitated transport with silver as the complexing agent in liquid 
membranes (Ho and Dalrymple, 1994). These membranes display reasonable transport 
properties, but questionable stability. The studies investigating at neat polymeric 
membrane in olefin/paraffin separation reveal possible plasticization leading to relatively 
low selectivity compared to the liquid membranes (Takana et al., 1996). These results 
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indicate the necessity of finding a more stable material in scale-up of these separations.  
Membrane technology has shared a large market in separation territories, nowadays. The 
rapidly increasing use of membranes for gas separation is closely associated with their 
inherent advantages (Berry, 1981; Strathmann, 1981; Spillman and Sherwin, 1990; Paul 
and Yampol’skii, 1994; Mulder, 1996): ease of installation and operation, size and weight 
efficiency, potentially low energy consumption, environmentally benign and clean, great 
flexibility in designing systems, continuous operation. In addition, membrane can be 
associated easily with other separation processes to form effective hybrid separation 
systems.  
1.3 PRINCIPLES IN GAS SEPARATION MEMBRANE PRODUCTION 
 
The immediate challenges faced by the membrane technology for gas separation can be 
summarized as the following major factors: achieving higher selectivity with least 
sacrifice in productivity; maintaining the separation performance in the existence of 
aggressive feeds; recompression of some product such as hydrogen. With these 
demanding requirements, advanced membrane systems are in urgent need. The efficient 
and economical setup of a viable membrane-based gas separation system relies 
principally upon the membrane materials and the manner in which they are formed into 
membrane, packaged and modulized (Koros and Mahajan, 2000).  
 
1.3.1 Material selection 
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Materials determine the following properties: selectivity and fluxes, mechanical, 
chemical and thermal stability under operation conditions, compatibility with the 
operation environment, engineering feasibility, manufacturing reproducibility, and low 
cost.  These criteria for selecting materials are complex and are important stipulations 
that must be balanced against the cost in all cases (Paul and Yampol’skii, 1994). High 
selectivity and high permeation rates are of utmost importance. The parameters typically 
applied to evaluate the properties of a material in the form a membrane for gas separation 
are: the permeability and the selectivity (Koros et al., 1996). The Permeability in unit of 




lNP ∆=   (Eq. 1.1) 
where NA is the steady state flux of the permeating gas at standard temperature and 
pressure, l is the thickness of the membrane, and ∆pA is the partial pressure drop of 
component A across the membrane (driving force).   
 
The ideal selectivity (also known as selectivity or separation factor) is one of the critical 
criteria for measuring the ability of a membrane material in separating the components of 
a mixture. The selectivity for components A and B is the ratio of their respective 




P=/α  (Eq. 1.2) 
Optimization of both factors directly results in significantly lowered capital cost of the 
membrane system.  
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The major application of commercial membrane used over the past 20 years has almost 
all occurred with natural or synthetic polymeric materials. Polymeric membranes 
accomplish separations via a solution-diffusion process occurring through the transient 
opening of the polymer chains (Porter, 1990).  Polymers have properties of good 
flexibility, easy membrane and module fabrication. In the past decades, the synthesis of 
new polymeric materials with tailored chemical structure has been the focus in searching 
for robust materials with high selectivity and permeability to comply with the 
environment and production requirements. The most common types of polymers applied 
in membrane formation include: cellulose acetate (CA) (DiMartino et al., 1988; Schell et 
al., 1989), polyphenyleneoxide (PPO) (Toi et al., 1982), polycarbonate (PC) (Koros et al., 
1977; Muruganandam and Paul, 1987), polymethylpentene (PTP), polyimide (PI) (Kim et 
al., 1988; Stern et al., 1989), polysulfone (Psf) (Machattie et al., 1991; Aitken et al., 
1992), polydimethylsiloxane (PDMS) (Stern et al., 1987), polyvinyltrimethylsilane 
(PVTMS).  
 
Glassy polymers with rigid chains offer great potentials in separation property due to the 
subtle discrimination between penetrant sizes. Polycarbonates have ductility and 
toughness below Tg. They are thermoplastic and can be extruded into various shapes 
including films and sheets. Polysulfone can be easily spun into hollow fibers. Among 
these polymers, polyimides form the biggest group and are the most important materials 
for gas separation (Langsam, 1996). They are tough with high resistance to heat and have 
excellent wear resistance. They can be fabricated into a wide variety of forms.  
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However, the concentrated efforts in organic polymers seem to achieve limited progress 
due to the flexibility and constant thermal motion of the polymer chains. Fig. 1.2 shows 
the Robeson’s upper bound trade-off curve for O2/N2 separation by polymeric materials 
(Robeson, 1991). The plot has the permeability of the fast gas on the abscissa on a 
logarithmic scale and the selectivity for the gas pair on the ordinate again on a 
logarithmic scale. The performances of various polymeric materials available for the 




Fig. 1.2. Upper bound trade off curve O2/N2 selectivity and O2 permeability 
(Robeson, 1991; Singh and Koros, 1996). 
 
As can be seen in Fig. 1.2, all polymeric materials were found to lie on or below a 
straight line defined as the upper bound. It was observed that when materials close to this 
upper bound were tuned based on traditional structure property relations (Singh and 
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exceeding it. As a result, if the selectivity improved, there was a corresponding loss in 
permeability and vice-versa. Moreover, as mentioned in section 1.3, the glassy polymeric 
materials may lose their selectivity and sometimes even productivity in intense 
environment with highly condensable gases (e.g., as carbon dioxide or hydrocarbons) 
(Ismail and Lorna, 2002). This entails the membrane modification which will be 
introduced in the membrane modification section.  
 
The materials for inorganic membranes include metal, glass, ceramics, carbons, and 
zeolites. The inorganic materials are receiving global attention owing to the superior 
separation properties compared to polymeric materials. The dense inorganic membranes 
made from palladium and palladium alloys have been used for many years for the 
selective transport of hydrogen and practically have infinite selectivity (Strathman, 2001). 
Presently, molecular sieve materials including zeolites and carbon molecular sieves are 
research-intensive, since they also have the potential of overcoming the upper bound 
limit of polymer membranes for a wide range of gas separations (Centeno and Fuertes, 
2000; Saufi and Ismail, 2004). Fig. 1.2 also compares oxygen and nitrogen separation 
properties of polymeric materials and inorganic materials (zeolites and carbon molecular 
sieves).  Molecular sieve materials have properties lying far beyond the upper bound as 
shown in Fig. 1.2. Other advantages of inorganic membranes are related to their more 
consistent performance in presence of complex and aggressive feeds usually harsh for 
polymeric materials. This is greatly due to their stable structure (Barsema et al., 2002). 
The first investigation at testing the permeation of gas mixtures in single zeolite crystal 
was attributed to Wernick (Wernick and Osterhuber, 1985).  The initial techniques (sol-
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gel, chemical vapor deposition, dip coating) generally formed zeolite membrane from 
large zeolite crystals. Nowadays, the focus is to prepare directly a zeolite film on a porous 
support (Suzuki, 1987; Sano et al., 1991; Poshusta et al., 1999). Bird and Trimm were 
among the first who really investigate the carbon molecular sieve as a membrane material 
(Bird and Trimm, 1983). Later Koresh and Soffer prepared carbon molecular sieve 
hollow fibers and reported interesting O2/N2 separation properties (Koresh and Soffer, 
1987; Soffer et al., 1987). Great efforts were made to improve the carbon molecular sieve 
membrane performance, extend its application and fundamentally comprehend the 
transport mechanism. Recently, significant high productivity and selectivity were 
obtained in the carbon molecular sieve membranes (Morooka and Kusakabe, 1999; Vu et 
al., 2002).   
 
Unfortunately, the rigidity of the inorganic materials makes it difficult to get continuous, 
defect-free membranes practical for large-scale separation. In addition, the production 
and/or the material costs for inorganic membranes are very high, which also seriously 
hinders its immediate and wide application. For example, a zeolite membrane module 
costs around US$3000/m2 (Caro et al., 2000), in great contrast with US$ 20/m2 for the 
existing polymeric hollow fiber membranes modules for the gas separations. Recently, it 
has been proposed that mixed matrix materials including continuous polymer phase and 
dispersed molecular sieve phase can remove the limitations in separation performance of 
polymeric membranes and the membrane formation of inorganic membranes 
simultaneously (Boom, 1994; Zimmerman et al., 1997). Theoretically, with the 
polymer/particle defect-free interface structure, the mixed-matrix membranes with high 
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loadings of dispersed phase may obtain separation properties approaching those of 
molecular sieves membranes (Singh, 1997). Fig. 1.3 shows the predicted performance 
that can be expected for the separation by incorporating zeolite-4A into Matrimid 
(Mahajan, 2000). As shown in this figure, one can potentially surpass the upper bound 
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Fig. 1.3. Mixed matrix membrane performance predictions from the Maxwell model 
using Matrimid as the continuous polymer matrix phase. Shown are increasing 
volume fractions (0% to 90%) of zeolite 4A (Mahajan, 2000). 
 
 
In 1973, Paul et al. investigated influence of zeolite 5A on the gas permeation and 
sorption property of silicon rubber membrane (Kemp and Paul, 1973; Paul and Kemp, 
1974). Later, in 1976, Wolf filed a patent of using mixed matrix membrane for the 
separation of CH4/C2H4/C3H6/C4H8 (Duval, 1991). Kulprathipanja et al. filed several 
patents on using mixed matrix membrane for O2/N2 separation and reported improved 
selectivity (Kulprathipanja et al., 1988; Kulprathipanja et al., 1992). All of them have 
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been acknowledged as the pioneering researchers in investigating the separation by 
mixed matrix membranes. Van de Kuip filed a patent in 1989 about the preparation of a 
mixed matrix membrane consisting of polymer and zeolites (Kuip, 1989). According to 
this patent, coupling agents might be necessary to improve the adhesion between the 
polymer and zeolites. In particular, the first extensive work on transport mechanism of 
zeolite filled polymeric membranes was examined by te Hennepe et al (Hennepe, 1988). 
The ethanol/water selectivity has been increased due to the preferential adsorption of the 
silicalite-1 to ethanol; in addition, a resistance model called the “Model of te Hennepe” 
was developed. Till present, the most prominent work for gas separation comes from 
Rojey et al, Duval et al, Kulkarni et al, and Vu et al. (Rojey et al., 1990; Duval, 1991; 
Kulkarni, 2003; Vu et al., 2003a). The separation efficiency of either O2/N2 or CO2/CH4 
is higher than that is present with counterpart polymer materials. The encouraging 
selectivity obtained in these studies confirms that the mixed matrix effect is achievable by 
properly choosing the membrane formation procedures.  
 
1.3.2 Membrane formation and modification 
 
1.3.2.1 Membrane formation 
 
Membrane structure, another factor determining the membrane performance for specific 
separation, is a function of membrane preparation procedure. In the efforts of breaking 
the limitation of upper bound trade-off in gas separation, some researchers chose to 
address the issue through the materials approach. Membrane formation or the membrane 
microstructure control could also potentially overcome this apparent restriction, since the 
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flux (Equation 1.1) is determined by both permeability and membrane thickness. This 
necessitates the formation of asymmetric membranes or composite membranes with a 
thin selective skin on a relatively open-celled porous support to substitute the thicker 
dense membrane. In these membranes, the thin skin layer carries out the gas separation, 
and the porous substructure provides sufficient mechanical support to withstand high 
pressure usually occurs in industrial application, while no resistance to gas transport.  
 
Fig. 1.4 shows the schematic diagram of the dense membrane and five principle types of 
membranes that are currently used or are rapidly  approaching application for gas 
separations (Paul and Yampol’skii, 1994; Chung, 1996):  (a) homogeneous dense 
membrane; (b) integrally skinned asymmetric; (c) multicomponent (or caulked); (d) 
single-layer composite; (e) multilayer composite; (f) asymmetric composite membranes. 
Various techniques are available in the formation of synthetic membranes. Usually, a 
homogeneous dense membrane is prepared through solution casting. This type of 
membrane is used for the lab-scale investigation to fundamentally understand the 
intrinsic properties of polymers. As mentioned in section 1.1, the search for an applicable 
integrally-skinned asymmetric membrane for gas separation took shape and made great 
stride soon after the pioneering work of Loeb and Sourirajan confirmed the possibility of 
generating such a membrane (Loeb and Sourirajan, 1964). The integrally skinned 
asymmetric polymeric membranes are predominantly produced by liquid-liquid phase 










Fig. 1.4. Structures of gas separation membranes: (a) Dense membrane; (b) 
Integrally skinned asymmetric; (c) Multicomponent (“caulked”); (d) Mingle-layer 
thin film composite; (e) Multilayer thin -film composite; (f) Asymmetric composite. 
 
 
The single-layer composite membranes (Fig. 1.4 a) are usually made by solution coating, 
interfacial polymerization, or plasma polymerization methods. The multilayer composite 
(Fig. 1.4 d) is an extension of single-layer composite, and the asymmetric composite (Fig. 
1.4 e) the combination of the integrally skinned asymmetric and composite approaches.  
























(d) Microporous  
skin layer  
(porosity >1%) 
 Selective layer 
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the composite membranes is their potential for minimizing materials’cost, because only 
the selective layer must use a high performance while more expensive polymer.   
 
The aforementioned asymmetric or composite structure can be formed into different 
geometries such as the flat sheet, the hollow fibers etc., by appropriately choosing the 
fabricating or casting equipment. Hollow fibers have become one of the most important 
membranes, mainly owing to their large membrane area per unit volume, self-contained 
mechanical support and good flexibility and easy handling during the module fabrication 
and in the operation (Matsuura, 1994). Asymmetric hollow fiber is generally produced 
through phase inversion. The composite hollow fibers are most formed by dip coating, an 
additional step to the phase inversion. Presently, the type of dual-layer composite 
asymmetric hollow fibers produced by co-extrusion through a triple-orifice spinneret 
represents a new and advanced direction (Strathmann 2001; Li et al., 2002; Li et al., 
2004b). The structures of both the outer layer and inner layer are asymmetric. Compared 
to the single-layer asymmetric hollow fibers, the dual-layer hollow fibers are more 
attractive for the following advantages: (1) the dual-layer fibers can largely save the 
material cost of around 95% or even more, depending on the ratio of the inner layer to 
outer layer thickness; (2) by means of choosing different material for the two layer and 
co-extrusion, it makes possible to employ brittle (engineering infeasible) but high 
performance material as the outer layer to form the composite membrane; (3) by 
choosing appropriate inner layer and adjusting the dope solution concentration, hence the 
porosity in resultant membrane, the hollow fibers with ultra-high pressure resistance can 
be produced; (4) the simultaneous co-extrusion makes the formation of composite 
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membranes more straightforward and cost-effective compared to other preparation 
approaches; (5) higher fluxes also are obtained in the single-step production, since pore 
penetration, a common problem in dip-coating is avoided. The study of dual-layer hollow 
fibers started from 1970s. In 1979, Henne et al. disclosed the first dual-layer asymmetric 
hollow fiber composite membrane for hemodialysis (Henne et al., 1979). The progress of 
this technology for various separations has been summarized in Table 1.4. 
 
Table 1. 4. Progress in the development of dual-layer hollow fibers by co-extrusion.  
Authors (Year) Publications 
W. Henne et al. 
(1979) 
Dialyzing membrane with adsorbent layer, US Patent 4267047 
T. Yanagimoto 
(1987) 
Preparation of ultrafilter membrane, Japanese Patent 62-019205 
M. Sakashita et al. 
(1988) 
Production of semipermeable membrane composed of polysulfone 
hollow fiber, Japanese Patent 63-218213. 
E. Kuzumoto et al. 
(1989) 
Production of perselective compound hollow yarn membrane, Japanese 
Patent 64-015104 
Y. Kusuki et al. 
(1989) 
Production of polyimide two layer hollow yarn membrane, Japanese 
Patent 01-099616 
K. SUga (1989) Production of multi-layer porous ceramic hollow fiber, Japanese Patent 
01-280021 
T. Yoshinaga et al. 
(1990) 
Two-layered polyimide hollow yarn membrane and its preparation, 
Japanese Patent 02-251232 
S. Akiyama 
 (1991) 
Production of porous ceramic multilayer hollow fiber, Japanese Patent 
03-042024 
O. M. Ekiner et al 
(1992) 
Novel multicomponent fluid separation membranes, US Patent 0585676 
Y. Kusuki et al. 
(1992) 
Aromatic polyimide double layered hollow filamentary membrane and 
process for producing same, US Patent 5141642. 
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S. Tamura et al. 
(1993) 
Process for producing multilayer polytetrafluoroethylene porous 
membrane and semisintered polytetrafluoroethylene multilayer structure, 
US Patent 5225131 
S. Nago et al. 
(1995) 
Microporous polypropylene hollow fiber with double layers, J. Apply. 
Polym. Sci., 56 (1995) 253 
M. Takatake et al. 
(1996) 
Production of polyimide composite membrane, Japanese Patent 08-
243367 
S. Nago et al. 
(1996) 
Microporous polypropylene hollow fibers with double layers, J. Membr. 
Sci., 116 (1996) 1 
K. Li et al.  
(1998) 
Internally staged permeator prepared from annular hollow fiber for gas 
separation, AIChE J., 44 (1998) 849 
H. Suzuki et al. 
(1998) 
Preparationof composite hollow fiber membranes of poly (ethylene 
oxide)-containing polyimide and their CO2/N2 separation properties, J. 
Membr. Sci., 146 (1998) 31 
D. Wang et al. 
(2000) 
Preparation of annular hollow fiber membranes, J. Membr. Sci., 166 
(2000) 31 
S. H. Yang et al. 
(2001) 
Formation of annular hollow fibers for immobilization of yeast in 
annular passages, J. Membr. Sci., 184 (2001) 107 
D. F. Li et al. 
(2002) 
Fabrication of fluoropolyimide/PES dual layer asymmetric hollow fiber 
membranes for gas separation, J. Membr. Sci., 198 (2002) 211 
T. He et al.  
(2002) 
Preparation of composite fiber membranes: co-extrusion of hydrophilic 
coatings onto porous hydrophobic support structures, J. Membr. Sci., 
207 (2002) 143 
C. C. Pereira et al. 
(2003) 
Hollow fiber membranes obtained by simultaneous spinning of two 
polymer solutions: a morphological study, J. Membr.Sci., 226 (2003) 35 
D. F. Li et al 
(2004) 
Morphological aspects and structure control of dual-layer asymmetric 
hollow fiber membranes formed by a simultaneous co-extrusion 
approach, J. Membr. Sci.,243 (2004) 155 
 
1.3.2.2 Membrane modification 
 
Upon the membrane fabrication, the structural modification is sometimes necessary to 
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enhance the overall performance of the membrane as well as the chemical stability. The 
methods for overcoming the challenges by membrane modification have been well 
established for polymeric membranes.  
 
For practical application of the membranes, how to make the skin layer as thin as possible 
is one utmost important factor determining the final application. However, with 
decreasing the membrane thickness, the probability of introducing defects increases 
dramatically, and even smaller pores (~5Å) present in a small area fraction (~0.001 %) 
can significantly damage the overall membrane performance (Henis and Tripodi, 1980; 
Henis and Tripodi, 1981). Surface coating can efficiently seal the pinholes and cover the 
imperfections of the membrane separating layer by a highly permeable polymer such as 
PDMS (Browell, 1976). Employment of the caulking process simplifies the membrane 
fabrication process and handling enormously, and allows the formation of asymmetric 
membranes with an ultrathin skin layer. The mechanism for the efficiency of surface 
coating will be introduced in Chapter 2. To reduce defects or decrease the pore size, one 
approach is to densify the selective layer using heat treatment. Basically, heat treatment 
induces molecule relaxation and microscopically repackages of the polymeric chains, 
which tend to perfect and densify the selective skins and minimize the surface defects 
(Chung, 1996). Loeb and Sourirajan had improved the salt rejection of integrally-skinned 
reverse osmosis membrane from cellulose acetate by the hot water treatment (Sourirajan, 
1970; Sourirajan and Matsuura, 1985). Pore size reduction and/or selectivity increment 
after heat treatment were also observed by other researchers (Hoehn, 1974; Kusuki et al., 
1992). Treatment of the polymer membranes with liquids or vapors having solvency 
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power for the polymer will also remove or decrease the defects of the asymmetric 
membrane and increase the selectivity (Pinnau and Wind, 1991; Rezac et al., 1994). It is 
believed that plasticization of the polymer by the solvent, coupled with surface tension 
driven forces are likely to control the elimination of the defects.  
 
 In the separation of feeds containing condensable components like CO2 or hydrocarbons, 
the polymer chain will sorb the condensable component and swell, leading to the 
permeability increase of other components. Consequently, the membrane loses its 
selectivity (Bos et al., 1999). Crosslinking of polymer structures by heat treatment, UV-
irradiation or chemicals can overcome this problem. Due to the restriction of mobility and 
increase in packing density of polymer chains, cross-linked membranes may exhibit 
higher stability against plasticization (Bos et al., 1998; Tin et al., 2003). In addition to 
inducing anti-plasticization, crosslinking can also result in strengthened resistance to 
chemical attacks (Ismail, 2002), and reduced aging (McCaig and Paul, 1999).  
 
1.3.3 Membrane module design  
 
In large scale application of membranes in separation process, the membranes are 
installed in modules that should provide high packing density, good control of 
concentration polarization, low pressure losses of feed and permeate and low cost 
(Matsuura, 1994). A gas separation module must have the following function: (1) hold 
membrane within the application pressure, (2) have tight sealing between the feed and 
permeate side of the membrane to eliminate possible leakage, (3) have inlet system to 
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introduce feeds and outlet systems to collect and distribute products leaving the device, 
and (4) have a design that direct the gas uniformly over the membrane surface. The three 
modules that most widely employed in industrial membrane separation processes are: 









Fig. 1.5. Common membrane modules: (a) plate and frame, 
(b) spiral and wound, (c) hollow fiber (Koros and Flemming, 1993) 
 
In the plate and frame module in Fig. 1.5 (a), flat sheet membrane has a circular shape. 





































surface of each membrane sheet in the stack. Flat sheet membranes can also be made into 
spiral and wound modules shown in Fig. 1.5 (b). A laminate, consisting of two membrane 
sheets separated by spacers for the flow of the feed and permeate, is wound around a 
central perforated collection tube to form the module. The feed flows axially in the 
channels created between the membranes by the porous spacers. Permeate passes through 
the membrane, traveling inward in a spiral path to the central collection tube. The hollow 
fiber module is shown in Fig. 1.5(c). The pressurized feed enters the shell side at one end. 
While flowing over the fibers toward the other end, permeate passes through the fiber 
walls into the central fiber channels. Typically, the fibers are sealed at one end and 
embedded into a tube sheet with epoxy resin at the other end.  
 
The hollow fiber module design offers the most flexibility in the flow orientations 
because the feed and the permeate can be controlled in co-current, counter-current or 
cross current flow and is typically preferred under high pressures. For the low pressures, 
the plate and frame design can be used effectively which often require large flow 
channels to accommodate the volumetric flow with minimal hydraulic resistance.  
 
1.4 RESEARCH OBJECTIVES  
 
The preceding sections show the advantages of the mixed matrix materials and dual-layer 
hollow fiber membranes in the separation processes. The objective of this work simply 
stated is to produce high performance dual-layer hollow fibers with either neat polymeric 
or polymer/zeolite mixed matrix selective layer.  
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 The production of high performance dual-layer asymmetric membranes is currently 
hindered by two factors: 1) the formation of delamination free structure which insures the 
membrane performance at high feed pressure; 2) the formation of ultrathin defect-free 
skin with reasonable separation factor. Few researches have reported the fabrication of 
dual-layer hollow fibers with both delamination free structure and high separation 
performance. It is therefore, one objective of this work to implement commercially 
attractive polymer, Matrimid 5218 and Polyethersulfone, with proper dope and spinning 
conditions and the phase separation process, to produce dual-layer hollow fibers with 
delamination-free and defect-free structure. The approach followed to achieve the goal is 
scientific. In doing so, the effects of process parameters on membrane morphology and 
gas separation performance will be studied.  
 
As mentioned in section 1.3.1, mixed matrix material is promising in gas separation. 
However, most previous studies limit their explorations in polymer/zeolite mixed matrix 
material that has serious interface defects problem when rigid polymer is applied. The 
present work initiates the investigation of a novel carbon/zeolite material. In addition, 
compared to a large number of studies on the formation of mixed matrix flat dense films 
which have limited commercial applications, only a few attempts to develop mixed 
matrix materials into hollow fibers have ever been reported, and solely in patents. 
Therefore, another objective of this work is to investigate the possibility of forming the 
hollow fibers with a mixed matrix skin and sensible separation performance by the dual-
layer co-extrusion technology.  The major scopes involved in achieving above goals are 
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summarized as follows:  
1) To transform the initial polyimide/zeolite mixed matrix membrane with poor 
performance into a novel carbon/zeolite mixed matrix membrane; 
2) To identify a relationship between spinning condition and zeolite particles’ 
distribution in the hollow fibers; 
3) To improve the mixed matrix hollow fiber performance by chemical treatment, 
thermal annealing and surface coating.  
  
 
1.5 ORGANIZATION OF RESEARCH  
 
This dissertation is comprised of eight chapters including this introduction and is 
organized as follows.  
 
Chapter 2 provides a background on the physical properties of various materials, the 
transport mechanism in non-porous and porous membranes, the phase inversion process 
in asymmetric membrane formation, the current techniques for hollow fiber spinning and 
mixed matrix formation, and membrane modification to improve the overall performance.  
 
Chapter 3 outlines the spinneret design, spinning equipment and spinning line of dual-
layer hollow fibers, and the various characterization technologies. 
 
Chapter 4 describes the fabrication of neat polymeric hollow fibers with defect-free 
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ultrathin skin and delamination morphology. In addition, this chapter explores how 
various formation conditions and processing steps affect final membrane performance. 
The macrovoids formation mechanism proposed by previous researchers is confirmed by 
the morphological observation in this study. EDX analysis is applied to detect the 
interface diffusion between the two polymer solutions during the dual-layer hollow fiber 
spinning.  
 
 Chapter 5 presents the development of carbon/zeolite mixed matrix membranes with 
improved separation properties. The causes for the poor polymer/zeolite performance and 
improved carbon/zeolite performance have been proposed.  
 
Chapter 6 includes the development of single- and dual-layer hollow fibers with mixed 
matrix skins. This part focuses on the study of the particle distribution in the polymer 
matrix by SEM and EDX analyses. The mechanism for the surface morphology 
concerning the particle distribution is proposed.  
 
Chapter 7 proposes the approaches to revitalize the separation properties of the mixed 
matrix hollow fibers. In the research, the ways at decreasing the zeolite/polymer selective 
skin are suggested. Based on the findings in the flat dense mixed matrix membranes, heat 
treatment is adopted to get a dense selective skin and an ideal heat treatment temperature 




The observations in Chapter 7 lead to the employment of a novel chemical treatment for 
getting less defective skin. The advantages of this method in terms of zeolite/polymer 
interface and the separation performance are fully demonstrated in Chapter 8. 
Characterization by XRD confirms the interaction between the chemical and polymer/ 
zeolite.  
 
Chapter 9 summarizes the general conclusions drawn from the previous chapters. Several 
recommendations for future investigation are also discussed.   
 
Appendix A reports the formation of the polymer/zeolite mixed matrix precursor for 
carbon/zeolite composite membranes; Appendix B describes the synthesis and 
characterization of zeolite beta; the new method with an oxygen analyzer for testing 














THEORY AND BACKGROUND 
 
2.1 MATERIALS AND TRANSPORT MECHANISM 
 
2.1.1 Amorphous polymers 
 
Currently, most of the membrane-based gas separations are performed with organic 
polymeric materials. Amorphous polymers exist in either glassy or rubbery states, 
depending on the operating temperatures. The glass transition temperature, Tg, denotes 
the boundary between these two states. As shown in Fig. 2.1 (Simha and Boyer, 1962; 
Krevelen and Hoftyzer, 1972), a discontinuity is observed in the slope of the plot of 
specific volume, V, versus temperature at the glass transition temperature. Above Tg, the 
material is rubbery with long-range motion of the repeat unit and behaves as a liquid.  
 
Fig. 2.1. Specific volume of an amorphous polymer as a function of temperature. 
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As a polymer changes from a rubber to a glass, the molecules are essentially “frozen” and 
the polymer chains do not move relative to one another, but just execute limited 
segmental movement around their mean position. The sudden decrease in chain mobility 
can result in excess or unrelaxed volume which can be expressed as the difference 
between the actual glass volume and the densified glass volume, (Vg-Vl), shown in Fig. 
2.1 (Koros and Hellums, 1989). Most gas separations are performed by glassy polymers.  
 
The gas transport of gases through non-porous (homogeneous) glassy polymeric 
materials proceeds according to the following steps: 1) sorption of the penetrant gas in 
the membrane material; 2) diffusion of the dissolved gas molecules through the transient 
opening of polymer chains in the membrane; 3) desorption at the permeate side. The 
schematic diagram of this process is depicted in Fig.2.2.  
 
                       Sorbed gas Creation of gap Collapse of gap 
 




The diffusion process can be imagined as a series of thermally agitated motion of 
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polymer segments generating penetrant-scale transient opening in the polymer matrix, 
thereby allowing the penetrant to execute the diffusive jump (Koros and Flemming, 1993; 
Mulder, 1996).  
 
The gas diffusion process in a non-porous polymeric gas separation membrane follows 






C  of a gas 
exists in a finite volume of a polymeric membrane matrix, then there is a tendency for the 
gas to move in such a direction as to decrease the gradient. When the diffusion occurs, 
the gas concentration at any location is a function of time (t) and distance (x). The flow of 
gas, represented by the flux, J is proportional to the concentration gradient and this 







txCDJ ),(  (Eq. 2.1) 
According to the solution diffusion mechanism mentioned above, the gas permeation via 
a non-porous polymeric membrane is a coupled diffusion and solution process. If the 
ideal gas law holds and the following two assumption are made: (1) the gas sorption and 
desorption at the two interfaces of the membrane is much faster than the diffusion rate in 
the polymer matrix, and (2) the gas phases on both high and low pressure side of the 
membrane are in equilibrium with the that at the polymer interface, then the combination 
of Fick’s law of diffusion and Henry’s law of solution results in the following equations:  
L
pDSJ ∆=  (Eq. 2.2) 
L
pPJ ∆=  (Eq. 2.3) 
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P is defined as the steady state permeability coefficient of membrane, which has the unit 
of Barrer (1 Barrer=1X10-10cm3(STP)-cm/s-cm2-cmHg), S is the solubility coefficient, 
which is usually given in cm3 (STP)/cm3(polymer)-cmHg (Petropoulos, 1994), D is 
diffusivity coefficient in cm2/s, and L is the thickness of the membrane in cm. The 
combined solution-diffusion process is typically called permeation and the permeability 
coefficient, P, for a gaseous species i can be written as:  
iii SDP ×=  (Eq 2.4) 
 
The ideal selectivity of gas i relative to gas j in the case of negligible downstream 





















,α  (Eq. 2.5) 







D is principally determined by the difference in (1) the 
geometry of the penetrants (size and shape), (2) cohesive energy density of polymerm (2) 
polymer chain segment mobility, and (4) average intersegmental distance between the 







S  is 
determined by (1) the condensability of the two gaseous penetrants, (2) the interaction 
between the two penetrants and polymer, and (3) the amount of free volume present in 
the polymer (Raymond and Flemming, 1992). Rubber polymers generally exhibit very 
small diffusivity selectivities, which suggest that these materials should be used in 
applications where solutility selectivity dominates (Blume et al., 1993). The low mobility 
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of the glassy polymer chains makes the transport highly dependent on penetrant size and 
shape, thus yielding the high diffusivity selectivities, while at the same time, low 
permeability (Ekiner, 1993).  
 
The solubility of gases in glassy material is usually described by the dual-mode sorption 






 (Eq. 2.6) 
In which, C is the total penetrant concentration and CD and CH are the local 
concentrations of penetrant molecules in the Henry sites (dense polymer matrix) and 
Langmuir site (unrelaxed volume or packing defects), respectively. The parameters kD, 
cH’, and b represent the Henry law constant, the Langmuir capacity constant, and the 









 (Eq. 2.7)  
 
The diffusion of penetrants is dependent on both the Langmuir and Henry’s populations. 
It is generally assumed that the Langmuir population is less mobile than the Henry’s 
population, forming the basis of the so-called “partial immobilization” theory (Paul and 
Koros, 1976). For most systems, however, the Langmuir population does exhibit some 
mobility and will affect gas permeation. On the basis of the partial immobilization model, 
the pressure dependence of Davg in glassy polymer membranes can be described as 












bpFKDD Davg  (Eq. 2.8) 
In which, where DD, independent of pressure, is the diffusion coefficient in the Henry 
mode; F is defined as DH/DD, the ratio of diffusivities in Langmuir sites versus Henry 
sites; and K is a combination of sorption parameters [(c’Hb)/kD]. 
 
2.1.2 Zeolites and carbon molecular sieves 
 
Zeolites and carbon molecular sieves has long been attractive inorganic porous materials 
as adsorbants for adsorptive separations; their application as a membrane material has 
also received great attention in recent years (Morroka, 1999). Zeolites are crystalline, 
hydrated aluminasilicate (as formed in nature or synthesized) with cations in group I and 
II, especially Na, K, Ca, Mg, Sr and Ba (Breck, 1974; Bekkum, 1991). They are 
principally synthesized by hydrothermal crystallization of reactive alkali metal 
aluminosilicate gels (Breck, 1974; Vaughan, 1988; Bekkum, 1991). Zeolites can be 
represented by the empirical formula of M2/nO.Al2O3.xSiO2.yH2O. In this formula, n is 
the cation valence, x is greater than or equal to two and y is a function of the porosity of 
the framework, the Si/Al ratio and the cations present.  
 
Zeolites are shown to be crystalline, microporous. The framework consists of a three 
dimensional network of SiO4 and AlO4 tetrahedra, linked to each other by sharing the 
oxygen atoms to form a rich variety of structures. The size of the zeolite pore opening is 
determined by the number of tetrahedral required to form the pore and the nature of the 
cations present in or at the pore entrance. Table 2.1 lists some common zeolite sieves and 
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their pore apertures.  
 
Table 2.1. Properties of major synthetic zeolites.  



















Silicalite-1 MFI 500 / 5.2X5.7 <-> 5.3X5.6 1.76 
KY FAU 2.6 K+ 7.4 1.52 
13X FAU 1.2 Na+ 7.4 1.54 
 
 
The cations are present to balance the negative charge introduced into the framework by 
the substitution of Si4+ by Al3+ as shown in Fig. 2.3 (Buttefey et al., 2001). Because of the 
presence of the cations, aluminum rich zeolites all show a high affinity for water coupled 




Fig. 2.3 Schematic representation of the faujasite-type (X and Y) zeolite with extra-
framework cation positions (Buttefey, 2001).  
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Zeolites’ stability is roughly inversely related to the amount of aluminum in the 
framework (Bekkum, 1991). For more complete overview of zeolite structures, one could 
consult reference (Meier, 1992).  
Carbon molecular sieves (CMS), a new class of carbon, are produced by thermal 
decomposition in a controlled chemical and thermal environment of non-melting polymer 
materials or by carbonization of coal (Koresh and Soffer, 1980a; Koresh and Soffer, 
1980b; Koresh and Soffer, 1987). The pore size distribution in carbon molecular sieves is 
narrow and the mean pore size is in the range of molecular dimension (5~6Å) (Koresh 
and Soffer, 1980a; Koresh and Soffer, 1980b). Aromatic microdomains or amorphous 
carbon are the fundamental building block of the CMS materials. The misalignment of 
aromatic microdomains during carbonization results in formation of void spaces in 
carbon matrix. The microporosity of carbon membranes is attributed to these void spaces 
arising from a natural consequence of structural dicilanation (Jenkins and Kawamura, 
1976). The turbostratic structure is used to represent the structure of graphite-like layers 







Fig. 2.4. The porous structure of carbon molecular sieves. 
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The gas transport through these porous materials includes Knudsen diffusion, capillary 
condensation, selective surface diffusion and molecular sieving schematically shown in 
Fig.2.5.  
 
Knudsen diffusion dominates for the porous materials with pore size of 20 Å as lower 
limit (Rao and Sircar, 1996); Gilron have recently discussed that Knudsen diffusion may 
contribute to transport even in smaller pores (Bilron and Soffer, 2002). It is generally 
accepted that when r/λ <0.1 (r-radius of the tube, λ-mean free path of gas molecules), and 
he gas molecules collide more frequently with the walls of the membrane than with one 
another.  Knudsen diffusion dominates. The mean free path is modeled using equation 
from kinetic theory (Bird et al., 1960):   
                                                     (Eq.2.9) 
d is molecular diameter, n is molecular concentration, p is pressure, NA is Avogadro’s 
constant, R is gas constant, T is absolute temperature.   
 
Knudsen diffusion coefficient, Dk (m2/s) is independent of pressure and the 
transmenbrane flux and inversely proportionally to the square root of the molecular 
weight of the different compounds as follows:  
w
k M
TrrvD 0.97667.0 ==  (Eq.2.10) 
The average pore radius is given by r(m) and v is the average molecular velocity ( m/s). 
The selectivity of a gas pairs i and j in Knudsen diffusion is equal to the square root of 









M=,α  (Eq. 2.11) 
 
The ability of the gas to condense in addition to pore size determines which component 
will permeate in the capillary condensation. Once the pores are filled, the condensed 
molecules will then diffusion across the pores to low pressure side. Capillary 
condensation customarily takes in the mesopores around 20 to 30Å (Rao and Sircar, 
1993). Very high selectivity can be obtained for the condensable component relative to 
the non-condensible ones. The efficiency of removing the condensable components is 
limited by the condensate’s vapor pressure at operating temperature and pore size and 
pore geometry (Sakata and Yamamoto, 1986).  
 
(C) (A) 
(B) (D)  
 
Fig. 2.5. Mechanisms for gas transport through porous membranes: (A) Knudsen 




Selective surface diffusion is governed by a selective adsorption of the larger non-ideal 
components on the pore surface, hence retaining the smaller components from 
permeation. The pore size involved in the selective surface diffusion is slightly wider 
than 5~10 Å, or up to three times the diameter of the molecule (Bhave, 1991; Rao and 
Sircar, 1996). By this mechanism, the adsorbable gases, such as NH3, SO2 and H2S can 
be separated effectively from weakly adsorbed components such as O2, N2, and CH4.  
 
When the pore diameters get smaller enough to approach the diameter of the gas 
molecules, the separation can be efficiently achieved by molecular sieving. The 
molecular sieves derive their high selectivity from the accurate discrimation of size and 
shape between different penetrants (Singh and Koros, 1996). Small constriction in the 
pore channel allows the smaller molecules to pass through, while retaining partially or 
completely the larger ones. Even both can enter the pores; the larger one would 
experience stronger repulsive forces. This energetically biased selectivity is called 
“energetic selectivity”. It is also believed that the more subtle contribution to selectivity 
is from “entropic selectivity” (Singh and Koros, 1996), in which the rotational freedom of 
one component is restricted to a higher degree than that of the other components.   
 
In summary, the gas separation properties of porous materials are intimately associated 
with the dimension and geometry of pores, internal surface area and surface properties of 
membranes.  As a result of the very narrow pore size distribution which is present in 
zeolite and carbon molecular sieves, they can show a rather sharp cut-off with increasing 
molecular size. For example, zeolite 4A with a pore size of 3.8 Å has an O2 and N2 
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selectivity of approximately 37 at 35oC (Ruthven and Derrah, 1975).  The CO2/CH4 ideal 
selectivity has reached as high as around 200 in the carbon molecular sieve membranes 
(Steel, 2000). The pore size of zeolite may be controlled or modified by choosing suitable 
synthesis, dealumination, and ion-exchange (Jansen, 1994); as for CMS, the pore size can 
be controlled by choosing polymer precursor, pyrolysis conditions, pretreatment and post 
treatment (Tin, 2004).  
 
In addition to pore size and geometry, the physiochemical interaction between the gas 
molecules and the porous materials are of great importance, which is especially true for 
zeolites. The forces causing the adsorption can be divided into van der Waals forces and 
electrostatic forces. On a non-polar surface such as activated carbon and high silica 
zeolite like silicalite-1, the van der Waals forces are dominant. Most zeolites, however, 
have a number of (exchangeable) cations present in the zeolite framework; as a result, 
they are polar adsorbents. The molecules like ammonia (high dipole) CO2 or N2 
(quadrupole) and aromatic hydrocarbons (π layer interaction) are preferentially adsorbed 
over non-polar species of comparable molecular weight in zeolites.  
 
For zeolites, the factors influencing the adsorption properties are the valence and size of 
the cations which are present in the zeolite. The affinity of zeolites for polar or 
quadrupolar molecules generally increases with increasing cation charge and decreasing 
cation radius. Furthermore, the shape of a pore and its size may also have an effect on the 
sorption behavior of certain zeolites.  
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2.1.3 Polymer/zeolite mixed matrix materials 
 
A recent survey of the present state of gas separation membranes indicated that current 
polymeric materials are inadequate to fully exploit existing opportunities (Zimmerman, 
1997). Although molecular sieving materials such as zeolite and CMS lies well above the 
upper bound polymeric trade-off curve, these materials are expensive and difficult to 
process as membranes. A material therefore is needed, which is engineering feasible, 
economical, mechanically stable and efficient in separation. Mixed matrix membrane 
comprising molecular sieves dispersed in the polymer matrix is a theoretically viable 
option by combining the processibility of polymers and the superior separation property 
of highly rigid sieve materials.  
 
2.1.3.1 Material Selection 
 
The materials selection can seriously influence the mixed matrix membranes in two 
independent aspects. Firstly, whether a rigid or a flexible polymer is chosen as the 
polymer continuous phase or whether the two phases (polymer and particle) have 
attractive, neutral or repulsive force determines the relative easiness of fabricating the 
mixed matrix membranes without defects; this part will be discussed in next section 
about mixed matrix membrane formation. Secondly, the ratio of the resistance presented 
to the gas transport by the two phases will determine the minimum membrane 
performance in the absence of defects (Zimmerman, 1997).  When considering a silicone 
rubber-zeolite mixed matrix membrane, the low selectivity of silicon rubber might draw 
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the overall mixed matrix performance significantly below the trade-off curve. The 
majority of gas diffusion will occur through the phases with lower transport resistance 
which is predominantly silicon rubber phase with high permeability and low selectivity, 
instead of the particle phase possibly possessing higher separation performance. As a 
result, the silicon rubber materials are not ideal polymer candidate for producing 
reasonable mixed matrix membrane. On the other hand, a highly impermeable polymer 
matrix may completely prevent the gas molecules from transporting to the sieves 
dispersed in polymer matrix and make the sieves useless. Therefore the permeability of 
the polymer and the sieve for the fast gas should be similar.  
 
2.1.3.2 Steady-state permeability prediction by Maxwell Model 
 
Mixed matrix materials combine the polymer and zeolite to form an interpenetrating 
structure; therefore, the gas transport through the MMMs will also be the combination of 
the properties of two pahses. Several theoretical models have been used to predict the 
steady state permeation properties of mixed matrix membranes as functions of the 
permeabilities of the continuous and dispersed phases. A particularly useful model was 
developed by Maxwell (Vu et al., 2003a) in 1873 to predict the steady-state dielectric 
properties in a conducting suspension of identical spheres. The constitutive equations 
governing electrical potential and the flux through membranes are analogues, thus 
permitting the applicability of Maxwell’s Model to the transport in mixed matrix 
membranes. The solution to calculate the effective permeability of mixed matrix 













φ  (Eq. 2.12) 
Where, Peff is the effective permeability of a gas penetrant in a mixed matrix membrane 
with a volume fraction (φd) of dispersed phase (d) in a continuous matrix phase (c), Pc 
and Pd represent the gas penetrant permeabilities in the continuous (polymer) and 
dispersed (sieve) phases, respectively, and n is the shape factor of the dispersed (sieve) 
phase. The situation of n = 0 corresponds to the transport of gaseous component through 
a mixed matrix membrane made of side-by-side layers of the two phases (laminate) 
which are parallel to the gas transport direction and the permeability can be rewritten as 
an arithmetic mean of the dispersed and continuous phase permeabilities: 
dddceff PPP φφ +−= )1(1(  (Eq. 2.13) 
Another limit of n = 1 corresponds to the gas transport through the two phases (or 




PPP φφ +−= )1(  (Eq. 2.14) 
For dilute suspension of spherical particles (n = 1/3), the equation can be rewritten as the 















More detailed explanation about shape factor which is closely associated with the aspect 




2.1.3.3 Factors leading to the non-ideal performance of the mixed matrix 
membranes 
 
The transport properties of organic-inorganic membranes are strongly dependent on the 
nanoscale morphology of the membranes. The morphology of the interface is particularly 
a critical determinant of the overall transport property. Fig. 2.6 shows the schematic 
diagram of various nano-scale structures of the mixed matrix membranes. Case 1 
represents an ideal morphology which corresponds to the ideal Maxwell Model 
prediction in Eq. 2.12; Case 2 shows the detachment of polymer chain from the zeolite 
surface, which causes the interface voids; Case 3 indicates the polymer chain 
rigidification in the vicinity of the zeolite; Case 4 displays a situation in which the zeolite 
has been partially caulked within the surface section of the zeolites.  The factors 
involving in the morphology of the interface have been investigated by many researchers. 
With the comprehension of this description about the mixed matrix membranes, it is 
reasonable to expect some modifications in the Maxwell Model. 
 
 
Fig. 2.6. The SEM or schematic diagram of various nanoscale morphology of the 
mixed matrix structure.    
 
 
The theoretical work of the influence of interface voids (Case 2) was attributed to several 
Case 1 Case 3Case 2
 Polymer 
Sieve 








Interface voids (interphase) 
Case 4
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researchers including R. Mahajan et al. (Mahajan, 1998). It was suggested in their 
research that gas flow through the interphase voids (Case 2) is Knudsen diffusion with a 










1***107.9 5  (Eq. 2.16) 
Where DAK is the diffusion coefficient, r is the effective pore (defects) radius in Å, T is 
the absolute temperature, MA  is the gas molecular weight and dg is the diameter of the gas 
molecule in Å. The solution coefficient in these voids is assumed to be the same as in the 
gas phase and have a partition coefficient taking into considerations the size of the gas 










S g (Eq. 2.17) 
The gas permeability through this interphase is the product of DAK and S.  
 
With the existence of the interface voids, a three-phase system which includes the 
molecular sieving phase, the polymer phase and the interphase between these two main 
phases results. This three-phase model can be assumed as a pseudo two-phase structure 
with the polymer matrix being one separate phase and the combined molecular sieve and 
the interphase being the other phase. Firstly, the Maxwell model can be used to obtain the 
permeability of the combined interphase and molecular sieve phase with the interphase as 
the continuous phase and the molecular sieve phase as the disperse phase. Thus we can 
obtain the permeability of the combined interphase and molecular sieve phases (Bouma et 














 (Eq. 2.18) 
Here, Peff is the permeability of the combined sieve and interphase, Pd is the permeability 
of the dispersed or sieve phase, PI is the permeability of the interphase, φ d is the volume 
fraction of the sieve phase, φ i is the volume fraction of the interphase, and φ s is the 





φφ +=  (Eq. 2.19) 
The value of the combined permeability of sieve and interphase, Peff, can then be used 
along with the continuous polymer phase permeability, Pc to obtain a predicted 
permeability P3MM for the three-phase mixed matrix materials by applying the Maxwell 
















 (Eq. 2.20) 
Thus, if one can make an estimate of the volume fraction and the permeability of the 
interphase region, the Maxwell model can easily be applied to these more complicated 
structures. When the interphase diameter is large which is common in mixed matrix 
membranes with rigid glassy polymers as the continuous phase, the predicted selectivity 
by Maxwell Model taking consideration of the Knudsen diffusion along the interphase 
has never exceeded the selectivity of neat polymer phase, even though the particles have 




This approach in predicting the mixed matrix performance in Case 2 can be readily 
extended to Case 3 and Case 4; such conditions as chain mobilization and permeability 
reduction are chosen to substitute the Knudsen diffusion. The parameters and equations 
for Case 2 to 4 are detailed in Table 2.2 (Moore and Koros, 2005).  
 
Table 2.2. Comparison of the modified Maxwell Model for case 1, 2, and 3. 
  Case 1 Case 2 Case 3 
Patameters PI void permeability 
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2.2 POLYMERIC ASYMMETRIC MEMBRANE FORMATION AND 
MODIFICATION 
 
2.2.1 Phase inversion mechanism  
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Membranes used for commercial gas separation applications are usually asymmetric or 
anisotrpic. These membranes consist of a highly dense separating skin supported by a 
porous substructure. The motivation for choosing such a structure is that gas permeation 
rate changes inversely with thickness, while permselectivity is generally independent of 
thickness. The polymeric asymmetric membranes are typically formed via a liquid-liquid 
phase separation process. Phase inversion can be induced by changing the 
thermodynamically stable polymer solution to the instable one which is defined by the 
Gibbs free energy of mixing (Sandler, 1997). The change in temperature, pressure, or 
composition that leads to a variation in the free energy of mixing of the solution has the 
potential to initiate the phase separation process. In the membrane field, the “phase 
inversion” (Kesting, 1972) is commonly used to describe the phase separation process. 
This process involves dissolving the polymeric material in an organic solvent to form a 
homogeneous polymer solution called a dope as the first step; thereafter, the dope is 
extruded or cast to form a nascent membrane, which is quenched in a non-solvent bath. 
Due to the rapid loss of solvent and influx of non-solvent in the quench bath, the 
homogeneous solution becomes unstable, and it tends to lower Gibbs free energy of 
mixing, ∆GM by separated into two homogeneous liquid phases. For a ternary solution 
comprising polymer, solvent, and non-solvent, the Gibbs free energy of mixing at 
constant temperature and pressure can be described by the Flory-Huggins theory (Flory, 
1953; Tompa, 1956): 
322331132112332211 lnlnln φχφχφχφφφ nnnnnnRT
GM +++++=∆  (Eq. 2.21) 
where ni, φi , and χi are the number of moles, volume fraction and binary interaction 
parameters, respectively.  
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 Although the formation of membranes via liquid-liquid phase separation is controlled by 
a combination of non-equilibrium thermodynamics and phase separation kinetics, the 
equilibrium thermodynamics can provide a qualitative understanding of the formation 
process. The transient states of phase transformation occurring during a membrane 


























Fig. 2.7. Isothermal thermodynamic equilibrium and glassy transition region 





The ternary phase diagram can be divided into three principal regions: 1) the stable single 
phase region, 2) the metastable region between the binodal and spinodal, and 3) the 
unstable region. The boundaries of these three regions are referred to as the binodal and 
spinodal curves, with the critical point lying at the intersection. The cross-hatched region 
represents the region where the polymer concentration is high enough to be vitrified, thus 
limiting the mobility and rearrangement of polymer chains.  
 
 54
2.2.1.1 Nucleation and growth 
 
The binodal line in Fig. 2.7 is defined by the condition for equilibrium between the 
polymer rich and polymer lean phases (Tompa, 1956; Altena and Smolders, 1982; Yilmaz 
and Mchugh, 1997): 
"'
ii µµ ∆=∆  (Eq. 2.22) 
where, ∆µi is the chemical potential of species “i” relative to its reference state and the 
superscripts ‘ and “ denote the polymer rich and polymer lean phases, respectively. The 












∂=∆µ (Eq. 2.23) 
where, R and T are the gas constant and temperature, respectively. Experimentally, the 
location of the binodal can be estimated by isothermal cloud point measurement.  
 
When a homogeneous dope crosses the binodal into the metastable region, the condition 
for equilibrium defines the compositions of the two resulting phases. Dopes in this region, 
however, can exist in a metastable state, due to a thermodynamic barrier to nucleation of 
a new phase. If a nucleus is larger than a critical size, the decrease in free energy 
associated with phase separation will overcome this energy barrier, and the nucleus will 
grow. Nuclei smaller than the critical size will simply “re-dissolve” into the 
homogeneous phase. This type of phase separation is termed nucleation and growth. In 
membrane formation processes, phase separation via nucleation and growth can lead to a 
“closed-cell” structure if the polymer rich phase vitrifies before the polymer lean phase 
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becomes interconnected. This results in large, undesirable resistance to gas permeation in 
the membrane substructure. If the polymer lean nuclei can interconnect before 
vitrification, desirable “open cell” morphology will result.  
 
2.2.1.2 Spinodal decomposition 
 
The spinodal line is defined mathematically at constant temperature, pressure, and 


























v  (Eq. 2.24) 
where vi is the molar volume of species “i”. Unlike the binodal, it is difficult to 
experimentally determine the location of the spinodal boundary in an isothermal ternary 
system. Instead, its location is typically estimated theoretically using equation 2.24. The 
accuracy of this technique, however, is highly questionable due to the large number of 
assumptions/simplifications necessary to yield a tractable solution.  
 
The spinodal theoretically represents the condition where there is no thermodynamic 
barrier for phase separation to occur. Unlike nucleation and growth, during spinodal 
decomposition, the two phases are not at equilibrium at the initiation of phase separation. 
They instead, diffuse to equilibrium compositions during the course of the phase 
separation process. Spinodal decomposition leads to two bicontinuous phases and an 
“open cell” support structure which is typically advantageous for gas separation. 
However, it is difficult to distinguish whether an open-cell structure was formed via 
spinodal decomposition or very rapid nucleation and growth (Koros and Chern, 1987).  
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2.2.2 Membrane formation  
 
The preceding sections provide a basic understanding of the phase separation process for 
membranes formation. Most practical asymmetric membrane formation techniques 
employ a more complicated dope solution, comprised of at least three components (i.e., 
polymer, solvent, and non-solvent). The addition of non-solvent to the dope allows the 
concentration to be shifted closer to the point of phase separation (i.e., binodal). This 
initiates more rapid phase separation in the quench bath since less non-solvent is required 
to push the concentration of the dope to an unstable state.  
 
Several studies have shown that the addition of non-solvent to dope solutions is 
advantageous for asymmetric membrane formation for gas separation (van’t Hof, 1988; 
Fritzsche et al., 1990a; Fritzsche et al, 1990b; Pinnau and Koros, 1991b; Chung et al., 
1992; Pesek and Koros, 1993; Wang et al., 1996a).  Various organic or inorganic 
additives are also used to adjust the rheology of the dope, and subsequently the final 
membrane morphology (Ekiner and Vassilatos, 1990). 
 
2.2.2.1 Phase inversion types 
 
There are several processes for the production of integrally-skinned asymmetric 
membranes from a homogeneous dope, and the three major processes are (Pinnau, 1991): 
1) dry process, 2) wet process, and 3) dry/wet process. These processes are schematically 
represented in Fig. 2.8. The difference between the dry and wet process is whether the 
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outlet of the spinneret or casting knife that transfers the polymer solution from a closed 




Fig. 2.8. Schematic representation of phase inversion processes: (A) dry phase  




Wet phase inversion 
 
Dry phase inversion 
 
If the solvent and non-solvent in the polymer dope solutions are removed solely by the 
evaporation, membrane formation process is defined as dry phase inversion. If the dope 
solution stays in the stable region of the ternary phase diagram throughout the 
evaporation until the vitrification, a dense, homogeneous structure will be resulted. This 
can generally be achieved by using a simple binary dope consisting of polymer and a 
volatile solvent. On the other hand, if a ternary solution comprising polymer, solvent and 
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non-solvent passes into metastable or unstable region due to the evaporation of solvent, 
phase separation and asymmetric membranes will occur.  
 
Alternative to the dry phase inversion, the phase change and structure formation can also 
be realized by immersing the cast membrane in a liquid quench medium that is a non-
solvent for the polymer. The diffusional exchange of solvent and non-solvent will induce 
an unstable composition, causing the homogeneous phase to separate and form a two-
phase structure. In strict wet processing, the dope is extruded directly into the quench 
media.  
 
An optional step of non-solvent evaporation can be inserted between the cast or extrusion 
and quench. This step promotes the formation of a concentrated polymer-rich region at 
the outer surface of the membrane, but does not give rise to phase separation before 
immersion into the non-solvent coagulant.  
 
Dry/wet phase inversion 
 
Membrane can also be formed by a dry/wet process in which, the evaporation of volatile 
solvent between the extrusion and quench steps bring forth the phase separation of the 
nascent membrane at the polymer/air interface. As one requirement, the dope 
composition is usually very close to the binodal and contains both volatile and non-
volatile solvents. A free-standing evaporation step is usually employed prior to the 
quench to allow the phase separated membrane surface to seal. The porous substrate 
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structure is formed upon the immersion into the quench.  This process can lead to the 
very thin and defect-free skin in a number of glassy polymers in flat sheet geometry 
(Pinnau and Koros, 1991b; Pinnau 1991) and hollow fibers (Pesek, 1993; Clausi, 1998).   
 
2.2.2.2 Skin layer and sublayer formation 
 
The formation of the skin layer has been shown to be the result of the coalescence and 
deformation of the polymer aggregrates at the air-solution interface due to capillary force 
and higher polymer concentration in the surface layer compared with that in the 
supporting layer. (Wijmans et al., 1985; Pinnau, 1991; Kesting and Fritzsche, 1993; Wang 
et al., 1996a). Three factors may cause the local polymer concentration increase: 1) 
solvent removal by evaporation in the air gap during the dry/wet process or the inserted 
procedure in the wet process; 2) rapid solvent outflow relative to the coagulant inflow in 
the wet process, and 3) higher surface tension of the solvent compared to the polymer 
(Wijmans et al., 1985; Pinnau, 1991; Yong and Chen, 1991; Kesting and Fritzsche, 1993; 
Wang et al., 1996a).   
 
The sublayer morphologies are featured with various structures such as macrovoids, 
closed and open cells. The sublayer structure can be broadly categorized as two types: the 
spongy-type and finger-liker structures (Strathmann et al., 1975; Smolders et al., 1992). It 
is believed that for a ternary polymer/solvent/non-solvent solution system, the solution 
properties determined by the interactions of components, coagulation kinetics determined 
by the coagulant tolerance of the polymer solution, and the diffusion rates of solvent and 
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non-solvent away from the membrane, and diffusion rate of coagulant into the membrane 
combine to control the cross-sectional structure of the membrane.  
 
2.2.3 Membrane modification and Resistance model 
The major modification approaches to improve the membrane performance and stability 
of the polymeric membranes include: surface coating, annealing and chemical treatment. 
In integrally skinned asymmetric membrane and composite membrane, the skin layer 
dominates the overall transport performance through the membrane. Even pores on the 
order of 5 Å with an area fraction as small as 10-6 will depress the membrane selectivity 
to be unacceptable (Henis and Tripodi, 1981). In 1976, Browall developed a surface 
coating with the intention of sealing the pinholes and covering the imperfections of the 
membrane separating layer by a highly permeable polymer such as PDMS (Browell, 
1976). Later, the concept of “resistance composite” or “caulked membrane”, and 
subsequently, the Resistance model were produced (Henis and Tripodi, 1981).  
 
Fig. 2.9. Schematic diagramm of the resistance model. 
 
 
The Resistance Model for a composite membrane by coating technology was represented 
as an electrical circuit analog as shown in Fig. 2.9. The permeation rate for a component 
through the membrane can be described by: 
 61
l
pPAQ ∆=  (Eq.2.25) 
In which, Q is the permeation rate, P is intrinsic permeability of membrane material, ∆p 
the pressure difference across the membrane, A is the membrane surface area available 
for the permeation, l is the thickness of the membrane through which the component 
permeates. By making an analog with the electric circuit, the flux can be rewritten as: 
PA
l
pQ ∆= (Eq. 2.26) 
Then the resistance of gas transport through the membrane is defined as: 
PA
lR =  (Eq. 2.27) 
The total resistance (RT) to flow for one component through the overall composite 
structure is comprised of three resistances in series as following equation:  
43,21 RRRRT ++=  (Eq. 2.28) 
R1 is the resistance from the coating layer 1, and R4 from the porous sublayer. The 
resistance, R2,3  comprised of the individual resistances from the parallel flow through the 















 (Eq. 2.29) 
The surface area available for the gas permeation are denoted as A1, A2, A3 in Fig. 2.9 for 
coating layer, defective dense layer and the defects area, individually. For uniform 
coating, A1 is always equal A2+A3. The coating layer has thickness of l1, the dense layer 
has a thickness of l2, and it is assumed that the coating material has penetrated and filled 
the pores to a depth equal to the thickness of the dense layer, then l3=l2. By substituting 
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these parameters into equations 2.29, then 2.27, neglecting the resistance from the highly 
porous section 4, R4, and assuming A3<<A2, that is defects area is negligible, the 
following equation results: 
 

















One critical point in this membrane is that the resistance of the pores to the gases has 
been substantially increased by the coating material, so that the gas transport won’t be 
dominated by the transport in pores. Even the highest permeability polymer is still 105-
106 times more resistive than the open pores with equivalent area and depth. 
 
The high selectivities of the composite membrane is observed only if R1 << R2 for the 
two components. These equations define the constraints that must be satisfied in 
membrane optimization. Employment of the caulking process simplifies the membrane 
fabrication process and handling enormously.  
 
2.3 FABRICATION OF HOLLOW FIBERS  
 
Although it is very easy to produce asymmetric membranes, tailoring dope formulation 
and coagulation conditions in order to form a thin dense layer with desired hollow fiber 
membrane morphology is not an easy task. The major mechanism for the phase inversion 
of hollow fibers spinning by solution is the same as mentioned above. Yet, application of 
the phase-inversion process in hollow fiber geometry is slightly complicated. This is due 
 63
to the fact that there are many factors controlling fiber morphology during the phase 
inversion. Table 2.3 gives a brief summary of these factors.  
 
Table 2.3. Factors affecting the hollow fiber morphology during phase inversion 
(Chung et al., 1994). 
 
Factors Major effects 
Molecular size  Solvent exchange rate 
Solubility difference  Coagulant rate 
Gravitational force Orientation and defects 
Solid percentage Fiber morphology and defects 
Core solvent speed/viscosity Finger void structure/layers 
Temperature Affects all the above parameters 
 
 
In hollow fiber asymmetric membrane formation, there are two coagulations taking place 
in hollow fiber spinning (internal and external surfaces), while there is only one major 
coagulation surface for an asymmetric flat sheet membrane. In addition, if liquids were 
used as bore fluids, the internal coagulation process for a hollow fiber starts immediately 
after extrusion from a spinneret and then the fiber goes through the external coagulation, 
while there is usually a waiting period for an asymmetric sheet before immersing in the 
coagulant. During the precipitation of a hollow fiber, all mass transfer associated with the 
dry step in fiber spinning occur during the nascent fiber’s residence time in the air gap, 
which is extremely short under commercial spinning conditions. It is typically much 
easier to control the temperature at which the nascent membrane is extruded. Thus, one 
can easily create a situation where the temperature of the spin dope is very close to the 
boiling point of the volatile solvent or non-solvent as it enters the air gap. Fig. 2.10 
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illustrates the mass transfer and solution deformation which occurs in the air gap of a dry-















Fig. 2.10. Mass transfer and solution deformation in the air gap for the 
dry jet/wet spinning process. 
 
 
As mentioned in the previous sections, dual-layer hollow fibers by co-extrusion represent 
a promising direction of hollow fibers. These fibers can be categorized as the composite 
membrane in Fig. 1.4 e. The major mechanisms for the membrane formation are the same 
as that for the formation for single-layer asymmetric hollow fiber membranes; however, 
some aspects characterized of dual-layer hollow fibers should be emphasized here to 
make it easy to understand and choose the appropriate fabrication approaches.   
 
To prepare dual-layer hollow fiber membranes using co-extrusion technology, the 
delamination phenomenon can not be ignored since it will seriously influence the 
integrity of the membranes. The seamless interface can be obtained depending on the 
miscibility of both dopes and many other factors during the phase inversion. If the 
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solvents, non-solvents, polymers, and additives used in both dopes are 
thermodynamically compatible, both dopes may diffuse into each other because of 
chemical potential differences. The mutual diffusions help to form a seamless interface. 
In addition, the stability period of the region between the two polymer solutions seems to 
be the major factor controlling interpenetration of the solutions and, consequently, the 
adhesion (Pereira, 2003). Therefore, the following variables were especially important: 1) 
the polymer solutions and bore liquid compositions, since the miscibility gap of each 
solution and the inflow of solvent to the interfacial region contribute to obtain a longer 
period before precipitation; 2) the distance between the spinneret and the external 
precipitation bath also contributes to the interpenetration of the polymer solutions, since 
it may allow a longer time for mass exchange in the interfacial region. However, other 
factors cannot be ignored. One of them is the ratio of shrinkage percentage of both layers 
during the phase inversion. Being alternative or supplementary to the explanation of the 
interfacial penetration, the influence of shrinkage ratio of outer layer over inner layer is 
systematically applied to explain the phenomenon (Li et al., 2002; Li et al., 2004b).  The 
various situations of the adhesion between the two layers are schematically shown in Fig. 
2.11.  
 
For composite membranes, the control of the interface structure is important in 
minimizing the transport resistance from the inner layer. It has been demonstrated that the 
interface did not create much resistance for gas transport if the same solvent mixtures are 
employed in both layers (Li et al., 2004b). The cause of inconsistent morphology at the 
interface may be resulted from different solubility parameters, phase inversion 
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mechanisms and process conditions. The inconsistent interfacial morphology is not 




Fig. 2.11. Schematic diagram of the influence of shrinkage percentage  
on dual-layer hollow fiber structure (Li et al., 2004b). 
 
 
2.4 MIXED MEMBRANE FORMATION AND MODIFICATION 
 
The majority of the mixed matrix membranes are limited to the flat dense films. The 
preparation of these membranes essentially involves the following four steps: 1) 
preparation of zeolite/polymer/solvent mixture; 2) cast the membrane; 3) solvent 
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evaporation; 4) drying the membrane at certain temperature to remove the residual 
solvents. This procedure is quite similar to that of neat dense polymeric membrane 
formation, which also proves to be an advantage of mixed matrix membrane over the 
complicated approach adopted in inorganic membrane production. However, it is highly 
dependent on the polymers, solvents and even particles applied; therefore, no detailed 




Fig. 2.12. Schematic representation of a mixed matrix membrane (a) and  
the interphase (sieve in a cage) morphology (b) and pin holes (c). 
 
 
However, all the mixed matrix membranes have some common properties. An ideal 
defect-free mixed matrix membrane is not always an inevitable case. Fig. 2.12 shows the 
schematic diagram of a mixed matrix membrane and the polymer/particle interface 










As mentioned in the material selection, the rigidity of the glassy polymer and the 
repulsive force between the two phases are both inducing factors to the formation of this 
unfavorable structure. Huge stress induced during the transition from rubber state to 
glassy state as the solvent evaporates is especially severe in rigid glassy materials, which 
can pull the polymer chains away from the particle, even the polymer and zeolite have 
favorable interaction. However, when the polymer is quite flexible (with Tg near room 
temperature), the stress can be relieved easily. The interphase has been proposed by 
several researchers as the major challenge of mixed matrix membranes, since it is 
presumed to be the major cause for the more or less deteriorated of the performance of 
mixed matrix membranes (Boom, 1994; Duval, 1994; Mahajan, 1998).  
 
Many researchers have suggested the solutions to eliminate these defects. The first one is 
fabrication of membrane using intermediate Tg materials or fabrication at high 
temperatures (Boom, 1994; Duval, 1994; Mahajan, 1998). This suggestion has been 
derived from the observation in mixed matrix membranes with silicon rubber and PVAc; 
because above Tg (a common situation for silicon rubber at room temperature), the 
flexible polymer chains can surround the polymer chains more easily. The second 
suggestion is forming the covalent bonding between the polymer and particle surface. 
Silane coupling agents, integral chain linkers and polymer coating on the molecular sieve 
surface were adopted to promote adhesion between the rigid polymer chains and 
molecular sieve surface (Rojey et al., 1990; Jia et al., 1992; Boom, 1994; Duval, 1994; 
Vankelecom et al., 1996; Pecher et al., 2002; Vu et al., 2003a; Kulkarni, 2003) A 
schematic diagram of the function of a coupling agent and integral chain linker is shown 
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in Fig. 2.13. By the chemical reactions, the polymer phase can be tightly attached to the 







Fig. 2.13. Chemical reactions by (a) the silane coupling agent or (b) the integral 
chain linker to promote the adhesion between the zeolite and polymer.  
 
 
The defects can also be due to the inhomogeneous dispersion of zeolite in the polymer 
matrix. Since zeolite and polymer have different density, and they are inorganic and 
organic compounds respectively, zeolite tends to precipitate in the polymer solution 
during fabrication. The agglomeration of zeolites will cause the pinholes that can’t be 
reached by polymer segments, this pinhole acts as non-selective defects in the composite 
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membranes. This situation is especially serious when extending the zeolite loading in the 
mixed matrix membrane. Fig. 2.12 (c) exhibits the schematic diagram of the pin holes. 
One solution is preparing high-concentration polymer solutions to physically prevent the 
particle sedimentation (Boom, 1994; Mahajan, 1998). Another popular one is to form the 
membrane in a relative short period of time, so that particles do not have enough time to 
precipitate (Vu et al., 2003a). Yet another straightforward way is the application of ultra-
fine crystallites (<0.5microns), and the results also turned out to be good (Jia et al., 1992). 
Actually, the methods mentioned in defects prevention can also contribute to the 
homogeneous dispersion, since they strengthen the reaction between the polymer chain 
and the zeolite. It has also been suggested that the stresses in the film constrained to a 


















3.1 SINGLE AND DUAL-LAYER HOLLOW FIBER FABRICATION 
 
In this research, the solution spinning and phase inversion processes were used to prepare 
the hollow fibers membranes with either neat polymeric materials or the polymer/zeolite 
mixed matrix materials.  Fig.3.1 depicts the schematic diagram of lab-scale hollow fiber 
spinning line applied in this research and nascent fiber at the outlet of the spinneret. The 
real pilot scale spinning line was supplied by the Motianmo Technology Ltd. Company 












Water spray Bore fluid 
Polymer dope 
Fig. 3.1. Schematic diagram of the lab scale hollow fiber spinning line. 
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Generally, four steps were involved in the hollow fiber fabrication. Firstly, the polymer or 
the polymer/mixed matrix materials were dissolved in the solvents or the mixtures of 
solvent and non-solvent to form homogeneous dopes. The dope preparation procedures 
vary depending on the properties of the dopes and will be described in individual section. 
The dopes were then stored in the syringe pump for 1 day to degas. Secondly, by 
applying pressures using the syring pumps (Isco Ltd.), the dope solutions were extruded 
through the channels of the spinneret (NMB Ltd.) and exit at the orifice to form the 
nascent hollow fibers; while a bore fluid was extruded at the same time from the center 
channel of the spinneret to form the bore or the lumen. Right before entering the chamber 
of the spinneret, the fluids went through a package of 15 µm sintered metal filters (Swage 
Lok). The fibers in this stage are called nascent hollow fibers. The schematic design of 
the single- and dual-layer spinneret is shown in Fig. 3.2.  
 
Single-layer spinneret [Wang et al., 2004] Dual-layer spinneret [Li, et al., 2002] 
Inner passage 
Outer passage 
Cross-section of single-  Cross-section of dual- 
layer hollow fibers layer hollow fibers 
 
Fig 3.2. Schematic diagram of the single- and dual-layer spinneret. 
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Thereafter, the fiber was phase separated and vitrified by the diffusive removal of the 
solvent and/or addition of non-solvent in the coagulant bath. Tap water was used as the 
non-solvent coagulant. In some cases, air gap between spinneret and coagulant was 
employed, and this process is called dry-jet/wet spinning; if the nascent membranes are 
extruded directly into the quench bath (i.e., no air gap), the process is called wet-jet 
spinning. Finally, the as-spun fibers were taken by a drum and then cut into segments 
around 1-meter long and rinsed in a clean water bath for at least 5 days to remove the 
remaining solvent. Solvent exchange was carried out by first using methanol three times, 
each time with 30 minutes, then n-hexane three times, each time 30 minutes. After being 
taken out from the hexane, the fibers were then dried in the air at room temperature and 
are ready for the permeation test. 
 
The solvent exchange process was found to play an important role in controlling the 
hollow fiber morphology, and separation performance. If the water-wet asymmetric 
membranes are dried in air directly, the skin structure will become dense due to the 
enormous capillary force during the water removal process. Therefore, solvent exchange 
to replace water with organic volatile compound having much lower surface tension was 
developed and reported in patents (Clausi and Koros, 2000).   
 
3.2 CHARACTERIZATION OF GAS TRANSPORT PROPERTIES 
 
3.2.1 Pure gas permeation test 
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Neat polymeric hollow fibers  
 
Fig. 3.3 depicts the schematic diagram of a hollow fiber module structure and the pure 
gas permeation testing apparatus (Cao et al., 2002). One end of the module is sealed with 
5min rapid epoxy resin (Araldite®, Switzerland), while the shell side of the other end was 
glued onto the metal module with regular epoxy resin (Eposet®). It took around 24 hours 
for the regular epoxy to be fully cured. A feed pressure was applied to the shell side and 
the permeate side (lumen side) was connected with the atmosphere. Both the feed side 
and the permeate side were sealed with O-ring to prevent the leakage. 
 
 
1. Gas cylinder  2. Pressure regulator  3. Pressure guage  4. Membrane module 
5. Purge gas  6. Permeate gas 
 
Fig. 3.3 Pure gas permeance test apparatus for the neat polymeric dual-layer hollow 
fibers. 
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Once potted into the modules, the feed chamber would be purged using the desired gas at 
50 psi for 10 times. Then the fibers were permeated with pure gas He, O2, N2 CH4 and 
CO2 with shell feed as shown in Fig 3.3. For testing permeance of pure gases in neat 
polymeric dual-layer hollow fibers, a preconditioning period of 0.25 h for O2 and N2 or 
1.5 h for CH4 and CO2 was carried out before conducting permeance measurements. The 
feed pressures for He, O2 and N2 were 200 psi, 100 and 200 psi for CH4; for CO2 test, the 
measurement were conducted by applying the feed with series of feed pressure including 
25, 50, 100, 150, 200 psi, so as to investigate the plasticization phenomenon in 
asymmetric membranes with an ultrathin dense skin.  The gas flow rate from the 
permeate side was recorded using a digital bubble flow meter (Optiflow 570, error<1%). 
 







∆=∆= π  (Eq. 3.1) 
where, (P/L) is the permeance of the hollow fiber membrane (1 GPU = 1×10-6 cm3 
(STP)/(cm2-s-cmHg)); Q represents the normalized gas flux (cm3(STP)/s);  ∆p is the 
pressure difference between the feed side and the permeation side of the membrane 
(cmHg); A represents the membrane effective surface area (cm2); n is the number of 
fibers in the module; D the outer diameter of hollow fibers (cm); l represents the effective 
length of hollow fibers (cm). Gas flux was measured by a bubble flowmeter (Optiflow 
570, error<1%). The ideal selectivity of an asymmetric hollow fiber membrane is defined 







/ =α   (Eq.3.2) 
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Flat dense films  
 
For the characterization of the pure gas permeability through the flat dense film, the 
membrane of interest was mounted into the permeation cell in a way as shown in Fig. 3.4 
and 3.5 (Chung et al., 2001; Chan et al., 2002), so that it formed the only passage for the 
gas flow from the upstream cell to the downstream cell. The thickness of membrane was 
measured using a digital film comparator (Mitutoyo Corp.). The area of efficient 
membrane area available for gas permeation has a diameter of 20mm. The permeation 
cell chamber was separated from the atmosphere by sealing with a double O-ring design 





US Usptreatm; DS Downstream; PT Pressure transducer; PG Pressure gauge; 
INT DS Internal downstream valve; C1,2,3,4,5 Valves 
 
 
Fig. 3.4. Schematic diagram of dense membrane gas permeation testing apparatus. 
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A feed ballast volume of approximately 1 liter and a Swagelok valve is used on the 
upstream side to prevent or reduce any pressure fluctuations of the gases during the 
expriment. The pressure is measured using a 0-500 psia pressure transducer (Ashcroft). 
On the permeate side, the pressure is measured using a 0-10 Torr pressure transducer 
(MKS instrument PDR-C-1C Power supply readout & MKS Technology and productivity 
Baratron capacitance Manometer). A digital readout connected to IOtech Data shuttle 
(High-resolution data acquisition) to record the pressure rise. The temperature in the 
permeation cell was controlled by a Temperature controller and heater (Eurotherm), a 
heating tape inside the chamber and a cooling blower (TOYO). The plumbing was all 
stainless steel, with Swagelok valves and VCR metal face seal connections. The 
downstream accumulator volume was known and calibrated.  
 
The permeation rate was calculated from the steady-state pressure increase on the 

















 (Eq. 3.3) 
In which, P is the permeability in unit of Barrer (1Barrer=1X10-10cm3(STP)-cm/cm2-s-
cmHg), l is the thickness of the selective layer (cm), V is the volume of the permeation 
side (cm3), p0 the feed gas pressure in psia, A refers to the effective separating area of the 
membrane (cm2), T is the operation temperature inside the permeation cell (K). The ideal 




P=/α  (Eq. 3.4) 
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Mixed matrix hollow fibers 
 
The pure gas permeation for the mixed matrix hollow fibers was measured by a constant 
volume method described in (Chung et al., 2001) with some modifications in order to be 
suitable for the hollow fibers’ testing. The modified permeation cell is schematically 
shown in Fig.3.6. Hollow fiber modules were prepared containing 1 fiber with the 
effective length of 5 cm, and at least five modules were tested for each spinning condition. 
Both the upstream and downstream were evacuated for at least 24 hours to remove any 
gases or vapors sorbed in the membrane. Permeation tests were carried out by introducing 
the desired gas to the shell side of the hollow fibers.  
 
The permeation rate was calculated from the steady-state pressure increase as a function 



















        (Eq. 3.5)   
In which, P is the permeability in unit of Barrer (1Barrer=1X10-10cm3(STP)-cm/cm2-s-
cmHg), P/L is the permeance with the unit of GPU (1GPU=1X10-6cm3/cm2-s-cmHg), L is 
the thickness of the selective layer (cm), V is the volume of the permeation side (cm3), p0 
the feed gas pressure in psia, A refers to the effective separating area of the membrane 
(cm2), T is the operation temperature inside the permeation cell (K). The ideal selectivity 








/ =α  (Eq. 3.6) 
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3.2.2 Mixed gas permeation test 
 
In mixed gas permeation of the hollow fibers, it is necessary to measure the composition 
of the streams in addition to the flux. Fig. 3.7 depicts the schematic diagram of the 
hollow fiber mixed gas permeation testing apparatus. The compositions of the permeate 
and retentate were analyzed by a gas chromatograph (Hewlett Packard (HP) 6890 Series 
GC) using a Carboxen 1010 column and a thermal conductivity detector (TCD), while 
their flow rates were measured by a digital bubble flow meter (Optiflow 570, error<1%). 
The calculation of permeance was based on one set of differential equations developed by 
Hollow fiber 
 module by three 









Wang et al. (Wang et al., 2002b), in which the non-ideal gas behavior and pressure drop 




BFM: Bubble flow meter FGC: Feed gas cylinder GC: Gas chromatograph HFM: Hollow fiber modules 
NV: Needle valve PG: Pressure gauge SSR: Single stage regulator 
 
Fig.3.7. Apparatus for the mixed gas test in the neat polymeric  
dual-layer hollow fibers. 
 
 
The testing procedure is a standard one in our lab. First, the feed pressure was set at 50 
psi, and the fibers are conditioned for 1.5 hours; for the following pressures, the 
conditioning time is at least 30 minutes. In each pressure, the flow rate of both permeate 
and retentate were first determined and adjusted by the bubble flow meter, thus achieving 
a stage cut around 5%. Thereafter, the permeate or the retentate will be connected to the 
GC for sampling of 15 minutes with the gas mixture being carried to the GC system by 











calculating the peak area for each gas that was eluted out from the column at different 
retention time. Finally, the composition of the gas from gas cylinder will also be tested 
with GC.  
 
3.3 CHARACTERIZATION OF PHYSICAL PROPERTIES 
 
3.3.1 Scanning Electron Microscopy (SEM) 
 
SEM is a widely applied technology to obtain the morphology a membrane. In this 
research, it is used to perform the analysis of the surface, cross-section morphology of 
either the flat sheet membrane or the hollow fibers and the contact between the fillers and 
the matrix. The morphology was observed by scanning electron microscopy (SEM JEOL 
JSM-5600LV) or field emission scanning electron microscopy (FESEM JEOL JSM-
6700LV). The samples for the cross-section characterization were fractured in liquid 
nitrogen followed by Pt coating.  The samples of the dual-layer hollow fiber for the 
observation of the interface including the outer layer inner skin (OL-IS) and inner layer 
outer skin (IL-OS) were prepared according to a special approach developed by Li. et al. 
(Li et al., 2004b) and the procedure is shown in Fig. 3.8.  
 
A piece of Teflon sheet (Fig. 3.8A) was coated with a thin layer of 5-min rapid epoxy 
adhesive (Araldite). The dried dual-layer hollow fibers were cut into short segments and 
laid onto the adhesive layer one by one immediately to form a fiber array. The uncured 
epoxy resin crept upwards along the fiber surface because of the capillary effect and 
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surface tension. Another thin layer of rapid epoxy was applied on top of the fiber array, 
followed by covering another piece of Teflon sheet on the fiber array. The two Teflon 
sheets were then clamped towards each other and kept in a warm environment for one 
hour until the epoxy resin was fully cured (Fig. 3.8B). Removed the Teflon sheets (they 
have poor adhesion with epoxy and fibers) and fractured the epoxy-surrounded fiber 
array perpendicularly to the fiber axis in liquid nitrogen. The crack took place along the 
weakest portion of a fiber, which usually occurred at the interface (Fig. 3.8C). OL-IS (Fig. 
3.8D) and IL-OS (Fig. 3.8E) were therefore obtained. After mounting all the specimens 
on the stub using a double-side conductive carbon adhesive tape, the specimens were 














Fig. 3.8. Procedure of SEM specimen preparation for interface observation  





Depending on the different experimental conditions, other characterization technologies 
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such as the Fourier-transformed infrared (FTIR), X-ray diffractomer (XRD), Elemental 
Dispersion of X-ray (EDX) were required and discussed in relevant chapter. 
 
Energy Dispersion of X-ray 
 
The SEM samples were also used to determine the sulfur content by Oxford INCA 
energy dispersion of X-ray (EDX). The mapping mode was performed on the hollow 
fibers surface to detect the existence of certain element (Chapter 4). The linescan 
spectrum was applied to the hollow fiber cross-section to determine the element 
distribution along the cross-section (Chapter 6).  
 
X-Ray Diffraction (XRD) 
 
An X-ray diffractometer (GADDS XRD system, Bruker AXS) was performed to 
quantitatively measure the ordered dimension and interchain spacing of polymer, the 
structure of zeolites and carbon molecular sieve membranes at room temperature. A small 
piece of the film or doubl-side adhesive with a thin layer of powers on one side was 
mounted onto the sample holder. Ni-filtered Cu Kα with a radiation wavelength λ=1.54Å 
was used at 40kV and 40mA. The average intersegmental distance of polymer chains 
were reflected by a broad peak center on each X-ray pattern. The d-space was calculated 
by the Bragg’s equation as follows:  
θλ sin2dn =  (Eq. 3.7) 
Where θ is the X-ray diffraction angle of the peak. 
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Fourier-transformed infrared (FTIR)-Attenuated total reflection (ATR) 
 
The surface property changes of the fibers after the coating were monitored. The 
reactions between the two chemicals involved in the coating process were confirmed by a 
Perkin-Elmer FTIR Spectrum 2000 using an attenuated total reflection (ATR) technology. 
The IR-spectrum was obtained with a KBr beam splitter at room temperature from 4000 




















FABRICATION OF MATRIMID/POLYETHERSULFONE DUAL-LAYER 




Four elements determine the performance and applications of a membrane, namely, 1) 
pore size and its distribution, 2) selective layer thickness, 3) inherent properties 
(chemistry and physics) of membrane materials, and 4) cost. Pore size and its distribution 
usually determine membrane applications, separation factor or selectivity, whereas the 
selective layer thickness controls the membrane flux or productivity. Material’s chemical 
and physical properties govern the intrinsic permselectivity for gas separation and 
pervaporation, fouling characteristics for RO (reverse osmosis), UF (ultra-filtration) and 
MF (micro-filtration) membranes, chemical resistance for membranes used in harsh 
environments, and biocompatibility for biomedical membranes used in dialysis and tissue 
engineering.     
 
In the last 5 decades, most studies of phase-inversion mechanisms, ultra-thin dense-layer 
formation, and membrane morphology and pore-size control have been based on flat or 
single-layer asymmetric membranes (Strtathmann et al., 1975; Kesting, 1985; Ho et al., 
1992; Paul and Yampol’skii, 1994; Koros and Pinnau, 1994; Matsuura, 1994; Wienk et al., 
1996). With the advance in membrane materials and that in fabrication engineering 
during the last 2 decades, several high performance but expensive materials have been 
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identified (Koros et al., 1988; Paul and Yampol’skii, 1994; Stern, 1994; Robeson et al., 
1994; Freeman, 1999), and technology breakthroughs to produce single-layer membranes 
with an ultra-thin dense selective layer have also been developed (Pinnau and Koros, 
1990; Kesting et al., 1990; Chung et al., 1992; Wang et al., 1996a; et al., 1997c; Sharpe et 
al., 1999). However, it is not only difficult, but also very costly to combine the advances 
in materials and membrane fabrication into the production of single-layer wholly 
integrated asymmetric hollow fiber membranes. Du Pont made the first attempt to 
incorporate them in its patent by the co-extrusion of dual-layer hollow fiber membranes 
(Ekiner, 1992a).   
 
Basically, dual-layer hollow fiber membranes are composed of two layers which are 
made of different materials. The inner layer is usually porous and its main function is to 
provide the mechanical support for the outer layer, while the outer layer made from a 
high performance polymer may be asymmetric but contains selective dense skin layer. 
The major advantages of dual-layer hollow fiber membranes are as follows: 1) it 
significantly saves materials cost and 2) it may eliminate the secondary operation such as 
laminating, because the dual layer structure can be formed simultaneously by the co-
extruding spinning process using a dual-layer spinneret.   
 
Since dual-layer hollow fiber membranes involves the co-precipitation of two individual 
dope solutions which possibly are made from different materials and have different 
solvent compositions, the membrane forming process is much more complicated than that 
of single-layer ones. Till present, only very limited literatures are available on the 
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fundamentals of dual layer membrane formation. Wang et al. (2000) and Yang et al. 
(2001) may be the pioneers. However, their annular hollow fiber membranes have two 
distinct asymmetric layers with a gap between them, and each layer has its own dense 
selective skin. This type of dual-layer hollow fiber may not withstand high pressures, 
especially for gas separation. When the feed pressure is high, the outer layer may collapse 
if it detaches from the inner support layer. 
 
He et al. (2002) and Li et al. (2002) overcame the de-lamination problems by employing 
different approaches. The former prepared co-extruded composite hollow fiber 
membranes using sulfonated polyethersulfone (SPES) as the outer layer and polysulfone 
as the inner layer for nano-filtration. It was found that the SPES concentration in the 
coating layer should be high enough to obtain a good adhesion. In addition, by adjusting 
the inner spinneret design to premix the outer and inner solutions before exiting the 
spinneret, He at al. (2002) introduced the concept of “interdiffusion” (a hypothesis that 
polymer chains can diffuse freely as long as no water reaches the interface) in their work, 
and it is concluded that the longer time available for the polymer chains to diffuse freely 
between two layers, the better the adhesion.   
 
Li et al. (2002) fabricated the fluoropolyimide/polyerthersulfone dual-layer hollow fibers 
for air separation. They found that both inner and outer layers shrunk significantly and 
differently during the phase separation and the difference in shrinkage rate was the main 
cause of delamination. To eliminate the delamination, control of both inner and outer 
dope concentrations and the subsequent post-treatment process is important. By 
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increasing the inner layer polyethersulfone concentration and thus reducing the shrinkage 
of the inner layer, they demonstrated a good adhesion between the two layers.  
 
However, the dual-layer membranes made from both He et al. and Li et al. are well 
behind the state-of-the-art single layer asymmetric membranes. They have a low 
permeance or flux possibly because of a very thick dense selective layer. This is due to 
the lack of a systematical study of fabrication parameters on dual layer hollow fiber 
membranes. Therefore, the objectives of this work are to fundamentally investigate the 
effects of spinning conditions such as spinneret temperature, coagulant temperature, and 
dope flow rate on dual-layer membrane morphology and its gas separation performance. 
It is intended to examine the differences in terms of the membrane formation and 
processing effects on membrane morphology between the single-layer and dual-layer 
asymmetric membranes. These parameters are chosen because temperature influences the 
viscosity of spinning solutions, thermodynamic interaction parameters among polymer, 
solvent and nonsolvent, and the diffusion rate of polymer solution and the non-solvent 
coagulant (Van’f Hof, 1988; Chung and Kafchinski, 1997), and dope flow rate affects the 
phase inversion and membrane morphology (Chung and Kafchinski, 1997; Chung and Hu, 
1997; Chung et al., 1999; Sharpe et al., 1999; Chung; Clausi and Koros, 2000 Carruthers 




4.2.1 Materials  
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Matrimid 5218 purchased from Vantico was used as the outer layer material because it 
has a relatively high gas separation performance compared to other polymers. Its O2 and 
N2 permeabilities are 1.32 and 0.183 barrer with a permselectivity of 7.2 at 25 °C 
measured from dense Matrimid films (Ekiner, 1992a; Clausi and Koros, 2000). Its 
CO2/CH4 selectivity has been reported to be about 35.3 (Vu et al., 2003c), 36 (Chung et 
al., 2003a; Guiver et al., 2003) and 40-44 at 35°C (Bos et al., 1998) depending on the 
testing conditions. The polymer for the inner layer is Polyethersulfone purchased from 
Amoco. Both are glassy polymers. The solvent for both polymers was N-methyl-2-
pyrrolidinone (NMP) from Tedia Company.  The chemical structure of Matrimid 5218, 
PES and NMP are shown in Fig. 4.1. Methanol was chosen as the non-solvent additive to 
the outer layer dope solution, while ethanol to the inner layer. The two non-solvents were 
from Merck Inc. All these chemicals were used as received.  
 

























4.2.2 Dope formulation 
 
The composition for the outer layer dope solution was 26.2 wt % Matrimid 5218, 58.8 wt 
% NMP, 15 wt % Methanol. Fig. 4.2 shows the phase diagrams of the current 
Matrimid/NMP/methanol system and the Matrimid/NMP/ethanol system used by Clausi 
and Koros (2000) in weight percentages. Methanol was chosen for its low boiling point 
(67oC) and small molar volume (42.5 cc/g-mole) which may facilitate the solvent 
exchange and phase separation. The viscosity of the outer layer dope was 122000 cp at a 
shear rate of 10/s. As for the inner dope solution, it had a composition of 36 wt % 
PES/51.2 wt % NMP/12.8 wt % ethanol. Ethanol was selected because it could create 
pores at the outer skin of the inner layer and improve gas transport through the interface.  
The bore fluid applied in this study was a mixture of NMP and water (80 wt %: 20 wt %). 
 
 
Fig. 4.2. Binodals for the ternary NMP, Matrimid, Methanol system (a) and NMP, 





The two dopes were prepared by dissolving the polymer powders into the solvent/non-
solvent mixtures at 0-5oC and stirring the solutions at high speeds by a stirrer following 
the procedure described elsewhere (Chung et al., 1997; Chung and Kafchinski, 1997). 
The dopes were stirred to homogeneity followed by degassing in the bottle for 24 hours, 
then poured into a 500ml Isco pump and degassed for another day before spinning. Table 
4.1 shows the detailed spinning conditions.  
 




Outer dope composition Matrimid/NMP/Methanol 26.2 wt. %/58.8 wt%/15.0 wt.% 
Outer dope flow rate  0.1cc/min 
Inner dope composition PES/NMP/Ethanol 36 wt.%/51.2 wt.%/12.8 wt.% 
Inner dope flow rate 0.5cc/min 
Bore fluid composition NMP/Water 80 wt.%/20 wt.% 
Bore fluid flow rate 0.2cc/min 
Spinneret temperature 25oC, 60oC 
Coagulant temperature 5oC, 25oC 
Air gap 1.5cm 
Take up speed (cm/min) 100-500 
 
 
4.2.3 Co-extrusion of the dual-layer hollow fiber membranes and solvent exchange 
 
The dual-layer hollow fibers were prepared by the dry-jet wet spinning process using a 
triple orifice spinneret. The spinneret design and its diameters for three channels have 
been depicted in our previous literature (Li et al., 2002). In order to determine the effects 
 93
of spinneret temperature on the hollow fiber, 25oC and 60oC have been applied. The high 
temperature was obtained by wrapping the spinneret with a heating tape.  
 
The experimental set-up of the hollow fiber spinning system was based on the methods 
reported elsewhere (Chung et al., 1997), except that three pumps have been used. The 
bore fluid and the dope solutions were fed to the spinneret through three Isco pumps at 
chosen flow rates. Right before entering the chamber of the spinneret, the fluids went 
through a package of 15 µm sintered metal filters (Swage Lok). The nascent hollow fiber 
was first transported through an air gap and then immersed in the water coagulant bath. 
Two coagulant temperatures were applied in this work, they were 5oC and 25oC.  
 
4.2.4 Gas permeation experiments 
 
The pure gas permeation was measured by the equipment described in section 3.2.1 (Li et 
al., 2002). Modules were prepared with ten fibers, and at least 3 modules were tested for 
each experimental condition. The permeance is defined as the thickness normalized 
permeability and is calculated according to Eq. 3.1. In the CO2/CH4 mixed gas separation, 
a 40/60 mol % CO2/CH4 mixture with pressure ranging from 50 psi to 250 psi was 
employed and the tests were conducted at 22°C. The detailed testing procedure and 





The morphology of fiber cross section and different skins were observed using a JEOL 
JSM-5600LV scanning electron microscope. Samples were prepared by cryogenic 
breaking of the fibers in liquid nitrogen, followed by coating with Pt. The SEM samples 
were also used to determine the sulfur content by Oxford INCA energy dispersion of X-
ray. 
 
4.3. RESULTS AND DISCUSSION  
 
4.3.1 Effects of spinneret and coagulant temperature on the separation performance 
of dual-layer hollow fiber membranes 
 
Table 4.2 summarizes the permeance and selectivity of the hollow fibers spun at different 
spinneret temperatures and coagulation bath temperatures. When coagulant is at 25oC, 
membranes spun at spinneret temperatures of 25oC and 60 °C have the highest O2/N2 
selectivity. However, they have different permeances. The permeance of the fibers spun at 
a higher spinneret temperature is obviously lower. As for the 60oC which is very near the 
boiling point of methanol, the non-solvent may evaporate quickly out of the dope solution 
in the air gap. Therefore, the polymer concentration at the outer skin becomes higher, 
which may result in a less defective but thicker dense selective skin. Membranes spun at 
both spinneret and coagulant temperatures of 25°C are almost defect-free and have the 
highest permeance; the calculated apparent dense-layer thickness is about 2886 Å. This 
thickness is thicker than that of the state-of-the-art single-layer asymmetric hollow fiber; 
however, it is much thinner compared to that of Li et al.’s dual-layer hollow fibers (0.28 
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vs. 0.85 µm) (Li et al., 2002).  
 
Hollow fibers precipitated at a lower coagulant temperature (5oC) show both lower 
selectivity and flux. Usually, a defective membrane may have a low selectivity but a high 
flux if the gas transport is mainly determined by the resistance from the skin layer. Based 
on the resistance model (Henis and Tripodi, 1981), the most likely reason for both the 
lower selectivity and flux is the effect of substructure resistance to the gas transport in the 
membrane. In other words, coagulation taking place at 5oC significantly tightens the 
substructure of the outer layer and increases the thickness of the inner layer; both factors 
contribute significantly to the overall resistance of gas transport and thus decrease both 
selectivity and flux.  
 
Table 4.2. Effects of coagulant and spinneret temperatures on the pure gas 
permeance at 25oC, 200 psi.  The apparent thicknesswas calculated from the  
O2 permeability in ref. (Clausi and Koros, 2000) 
 
Temperature (oC) Permeance (GPU) Selectivity 
Spinneret Coagulant O2 N2 O2/N2 
Thickness
(A) 
25 25 4.57 0.73 6.26 2886 
25 5 3.56 0.65 5.48 3706 
60 5 3.58 0.80 4.53 3684 
60 25 3.73 0.59 6.34 3536 
Note: outer layer dope flow rate is 0.2cc/min; inner layer dope flow rate is 0.5cc/min. 
4.3.2 Membrane morphology and macrovoid formation in dual-layer membranes  
 
Figs. 4.3 to 4.5 show the SEM morphology of the hollow fiber cross-sections at different 
magnifications. Generally, the two layers attach to each other well under these conditions 
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and no obvious delaminations are observed. This may be attributed to the high polymer 
concentration of the inner dope. A higher polymer concentration can reduce the inner 
layer shrinkage during the phase inversion, thus the shrunken outer layer can adhere to 
the inner layer nicely.  Fig. 4.5 illustrates the cross section morphology of the outer 
Matrimid layer at a magnification of 10,000. The thickness of this layer is around 10 µm, 
and it is asymmetric with a dense skin layer and a porous support. The cross-section 
graphs of the inner PES layer are shown in Figs. 3 and 4, and the structure of the inner 




Fig. 4.3. The SEM images of the cross-section morphology of dual-layer hollow 
fibers spun with an air gap of 1.5cm: (A: spinneret 25oC, coagulant 25oC; B: 
spinneret 25oC, coagulant 5oC; C: spinneret 60°C, coagulant 25°C; D: spinneret 
60°C, coagulant 5°C). 
 
It is also clearly shown in Figs. 4.3 and 4.4 that the fiber thickness precipitated at 5oC is 
much thicker than that at 25oC. Precipitation at 5oC also results in a tight outer layer and 
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interface structure, even though the middle region of the inner skin may apparently be 




Fig.4.4. SEM of the cross-section morphology of dual-layer hollow fibers spun with 
air gap of 1.5cm (A: spinneret 25oC, coagulant 25oC; B: spinneret 25oC, coagulant 
5oC; C: spinneret 60°C, coagulant 25°C; D: spinneret 60°C, coagulant 5°C). 
 
The macrovoid structure is interesting. Macrovoids often appear in phase-inversion 
membranes, and their formation mechanisms have been studied and heavily debated in 
the last 4 decades. Macrovoids are probably created by volume change and weak spots 
[38], convective flow (including solvent penetration) (Graig and Knudsen, 1962; 
Strathmann and Kock, 1977; Broens et al., 1980; Chung and Kafchinski, 1997; Chung 
and Hu, 1997), hydrodynamic stability related to surface tension and viscosity changes 
(Levich and Krylov, 1969; Matz, 1972), instantaneous onset of liquid-liquid demixing 
(possibly due to nucleation and growth of polymer lean phase as well as polymer rich 
phase and the spinodal separation) and diffusional flow mechanism (Smolders et al., 
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1992), Marangoni effects (Shojajie et al., 1994) and osmosis pressure (Mckelvey and 
Koros, 1996), solutocapillary-driven convection and coalescence of dispersed phase 
microdroplets (Pekny et al., 2003). It is generally accepted that fast precipitation with the 
aid of unbalanced localized stresses and solvent diffusion or penetration favors the 
formation of finger like macrovoids through the nucleation and growth of polymer lean 
phase as well as polymer rich phase and the spinodal separation. 
 
 
Fig.4.5. SEM images of the outer layer cross-section morphology 
(A: spinneret 25oC, coagulant 25oC; B: spinneret 25oC, coagulant 5oC; 
C: spinneret 60oC, coagulant 25oC; D: spinneret 60oC, coagulant 5oC). 
 
 
Fig. 4.4 illustrates that the fibers spun at a lower coagulant temperature (5oC) tend to 
have double-layer finger like macrovoids in the inner PES layer, and the macrovoid 
structures of the two layers are somewhat different. The macrovoids near the outer layer 
all have a smooth and less porous skin, and most pores are created at the bottom (i.e., 
away from the outer skin); while the macrovoids near the inner cavity of the fiber exhibit 
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a fully porous structure interconnecting with surrounding spongy units. The multiple 
macrovoid layers have often been observed in fibers spun with low polymer 
concentrations or low coagulation temperatures (Chung and Kafchinski, 1997) possibly 
because of rapid solvent exchange and coagulation.  However, the macrovoid structure 
observed here are more like tear drops than fingers (Strathmann and Kock, 1977; Chung 
and Kafchinski, 1997; Vogrin et al., 2002). The tear drops in the first array (i.e., in the 
left-hand side of each SEM picture) of all cases studied apparently start just beneath the 
outer skin of the inner layer, as indicated in Fig. 4.6 (enlarged pictures of Fig. 4.4).   
 




                                 
Fig. 4.6: Indications of non-solvent penetration or solutocapillary-driven convection  
(A: spinneret 25oC, coagulant 25oC; B: spinneret 25oC, coagulant 5oC;  
C: spinneret 60°C, coagulant 25°C; D: spinneret 60°C, coagulant 5°C). 
 
 
This interesting phenomenon may imply that, similar to the case in single-layer 
asymmetric membranes, the outer coagulant, water, may still penetrate the nascent, 
viscous and thin outer Matrimid solution layer and induce macrovoids in the second layer 
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with the aid of unbalance localized stresses, rapid solvent exchanges and capillary-driven 
flows. The macrovoids in the second array may also be caused by the first array as 
illustrated in Fig. 4.6. In addition, Fig. 4.4 indicates that the macrovoids induced by the 
coagulant penetration seem to be larger and deeper for the fibers spun at a spinneret 
temperature 60 °C and coagulant temperature of 25 °C, possibly because of the low dope 
viscosity at 60 °C. The size and length of macrovoids are apparently reduced when the 
coagulant temperature is lowered to 5°C, which possibly arises from the fact that a low 
coagulation temperature enhances rapid coagulation as well as increases dope viscosity, 
thus retard the macrovoid propagation. 
 
Outer layer outer skin     
scale bar  1um 
Outer layer inner skin  
Inner layer outer skin     
scale bar 1um
                       
Inner layer inner skin     
scale bar 10um 
scale 100nm
 
Fig. 4.7. The SEM morphology of different skins of the dual-layer hollow fibers. 
  
Fig. 4.7 displays the skin morphologies at various locations of dual layer membranes 
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spun at 25 °C. Briefly, both the inner and outer skin of the inner layer are porous, 
however, the former is visibly more porous than the latter because of 1) the delayed 
demixing induced by the 80/20 NMP/water bore fluid and 2) the effect of the non-solvent, 
ethanol, in the inner layer dope. No defect can be observed in the outer skin of the 
Matrimid outer layer, while its inner skin is fully porous but with much smaller pores 
compared to that of the outer skin of the PES inner layer (i.e., 50-100nm vs. 0.1-0.5 µm).  
Figs. 4.8 and 4.9 show the effects of spinning conditions on specific skin morphology. 
Fig. 4.8 indicates that membranes coagulated at 5 °C have slightly less porous, but much 
rougher outer skin surface of the inner layer than those coagulated at 25 °C, this is 
possibly due to rapid coagulation and vitrification induced by the low temperature.  
 
                                  
(A) (B)  
 
Fig. 4.8. The SEM images of the outer skin of the inner layer (PES) of  
dual-layer hollow fibers spun with an air gap of 1.5 cm  




Fig. 4.9 exhibits that coagulation at 5°C also tightens the inner skin of the outer layer, 
which is consistent with the previous gas permeation results indicating membranes 
coagulated at 5°C have a higher substructure resistance.  
 
 102
                      
(A) (B) 
 
Fig. 4.9.  The SEM images of the inner skin of the outer layer (Matrimid) of  
dual-layer hollow fibers spun with an air gap of 1.5 cm  




4.3.3 Inter-layer diffusion Phenomenon 
 
He et al. (2002) conducted the first pioneering work on the method to facilitate the inter-
layer diffusion in order to enhance the adhesion. For dual-layer flat membranes, they 
invented a new cast knife which can cast dual-layer membranes simultaneously; by using 
a higher viscosity top-layer solution during the casting, they demonstrated that better 
adhesion could be obtained between the two layers possibly because of high shear and 
normal stress forces. While for dual-layer hollow fibers, they innovatively designed a 
spinneret which allowed two dopes to meet before exiting from the spinneret. By 
narrowing the flow channel slightly, the two dope solution may premix before co-
precipitation. 
 
Instead of designing the dual-layer spinneret with such special feature, a new way has 
been applied to investigate the interlayer diffusion. Table 4.3 summarizes our findings 
and shows the elemental analysis data of the interfacial layers of hollow fibers spun from 
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different spinneret temperatures.  
 
Table 4.3. The elemental analysis of the interface of dual-layer hollow fibers spun 
with an air gap of 1.5 cm at 25oC of coagulation (A: spinneret temperature 25oC; B: 
spinneret temperature 60oC). 
 














After being extruded from the spinneret, the two dopes should contact with each other 
under normal conditions. When the spinneret temperature is low (i.e., 25oC), their 
viscosities are high,  the diffusion rate of the polymer molecules between the two layers 
will not be fast; therefore no sulfur element can be found in the outer layer as shown in 
this Table. When the spinneret temperature is increased to 60oC, the interlayer diffusion 
between the two polymers apparently occurs, as evidenced in Table 4.3, in which it is 
found that the inner skin of the outer layer contains the sulfur element diffused from the 
PES inner layer. Clearly, these results reveal that the spinneret temperature plays an 
important role on the degree of interlayer diffusion. A high spinneret temperature favors 
the interlayer diffusion because of low dope viscosities and high molecular diffusion rates.    
 
4.3.4 Effects of dope flow rates on membrane separation performance 
 
The dual-layer hollow fiber spinning is more complicated than the single-layer one, 
because this process involves two dopes being co-extruded and precipitating 
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simultaneously. In addition to the interlayer-diffusion phenomenon between these two 
individual layers, the rapid external coagulation induced by water and the slow internal 
coagulation induced by the bore fluid may directly or indirectly affect each other’s effects 
on phase inversion and the resultant morphology of the two skins. Under environments 
with no convective flow, the diffusion rate of a solvent or non-solvent molecule is 
normally inversely proportional to the square of distance. Therefore, the dope flow rates 
for the inner and outer layers, which eventually determine their layer thicknesses after 
precipitation, may play important roles on membrane separation performance. From the 
standpoint of lowering material costs, one may prefer the outer layer to be as thin as 
possible. However, it may be a big challenge for membrane scientists to fulfill it. Fig. 
4.10 elucidates the difficulties by showing the relationship between O2 permeance and 





































Fig. 4.10. O2 permeance and O2/N2 selectivity vs. outer layer dope flow rate (air gap 
is 1.5cm, inner layer dope flow rate is 0.6 cc/min, bore fluid flow rate is 0.2 cc/min). 
 
 
Clearly, the dual-layer membrane performance is very sensitive to the dope flow of the 
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outer layer: A low dope flow rate may yield a defective outer dense-selective skin, while 
a high flow rate may also result in a thicker or defective dense-selective outer skin.  A 
comparison between Fig. 4.10 and Table 4.2 reveals that the inner-layer dope flow rate 
also affects the performance too. Therefore, to develop a high-performance dual-layer 
hollow fiber for gas separation, one must control the two dope flow rates and optimize 
them.  More efforts will be given to this subject in our sequent papers.   
 
4.3.5 Mixed gas tests for natural gas process  
 
One of the potential applications of dual-layer hollow fiber membranes in industry is the 
separation of CO2/CH4 gas mixture. However, almost all literature data available are 
based on flat membranes and single-layer asymmetric hollow fibers (Chiou and Paul, 
1987; Koros and Flemming, 1993; Coleman and Koros, 1994; Ohya et al., 1996; Bos et 
al., 1999; Cao et al., 2002). It is desirable to test the just developed dual-layer hollow 
fiber membranes for the separation of CO2 and CH4 gases.  
 
Fig. 4.11 shows the CO2 and CH4 permeances and the CO2/CH4 selectivity for the dual-
layer fibers spun under the conditions described in Table 1 using both spinneret and 
coagulation temperatures of 25 °C. Mixed gas tests were conducted from a low feed 
pressure and to high pressures. The first data was collected after a conditioning time of 
1.5 hours. For the following tests at higher pressures, the conditioning time was at least 
30 minutes. The CO2 permeance decreases slightly with increasing partial pressure at first, 
then increases. The increase trend may possibly be attributed to the plasticization, that is, 
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the polymer matrix swells by the highly sorbed carbon dioxide resulting in an increase in 
CO2 permeability.  Although literature data obtained from flat dense films suggest that 
Matrimid may start to plasticize at about 12 and 15 atm at 25oC and 35 °C, respectively 
(Bos et al., 1996; Tin et al., 2003), extensive reports have observed the initiation of 
plasticization phenomenon at much lower pressures in hollow fibers (Jordan et al., 1990; 
Cao et al., 2002; Ren et al., 2003). The easier plasticization for asymmetric hollow fibers 
is probably resulted from the fact that the thin dense selective layer of hollow fibers 
consists of loosely packed nodules, and they can be swollen easily with the CO2 
adsorption (Jordan et al., 1990; Nagai et al., 2000; Angelis et al., 2002; Cao et al., 2002; 
Ren et al., 2003). As a consequence, the CH4 permeability increases, while the CO2/CH4 
selectivity decreases with an increase in feed pressure and then levels out as shown in 
Fig.11. Both permeance and selectivity vary in a reasonably range when the feed pressure 
increases from 50 to 250 psi. The CO2/CH4 selectivity is consistent with literature data 
















































Fig. 4.11. CO2 & CH4 permeances and CO2/CH4 selectivity vs. feed pressure  




 (1) Spinneret and coagulant temperatures play important roles on dual-layer membrane 
performance. When the coagulant and spinneret temperature are both 25oC, hollow 
fibers show a better performance with O2/N2 selectivity of 6.26 in pure gas tests and 
CO2/CH4 selectivity of 40 in mixed gas tests.  Low coagulant temperatures produce 
membranes with much lower permeance and selectivity possibly because of high 
substructure resistance.  
(2) In the morphological study, a double layer of “tear-drop-like” macrovoids are formed 
for the dual-layer membranes spun at low coagulant temperatures. Similar to the case 
of single-layer asymmetric hollow fibers, the outer water coagulant can penetrate the 
nascent and thin outer Matrimid solution layer and induce macrovoids in the second 
polyethersulfone layer with the aid of unbalanced localized stresses and rapid solvent 
exchanges. SEM pictures show the trace of non-solvent penetration. 
(3) The elemental analyses on the inner skin of the outer layer and the outer skin of the 
inner layer show that higher spinneret temperatures can enhance the interlayer 
diffusion between the two polymers because of a low dope viscosity and a high 
molecular diffusion rate.  
(4) The separation performance of dual-layer hollow fiber membranes is very sensitive to 
the two dope flow rates. It is concluded that a low outer-layer flow rate may result in 
a defective outer layer, while a high outer-layer flow rate may lead to a much thicker 
and defect-free outer skin layer. The inner layer flow rate also has some effects on the 
hollow fiber performance, for which further work will be carried out.  
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CHAPTER FIVE  
 




Membranes have received global attention and remained as an attractive candidate for gas 
separation and purification.  Investigation has primarily focused on the development of 
robust membrane materials with high separation performance and durability.  Among 
current membrane materials, Mixed Matrix Membranes (MMMs) appeared to be an 
alternative material due to their potential in surpassing the upper bound limit of 
polymeric membranes (Kulprathipanja et al., 1988; Suer et al, 1994; Zimmerman et al., 
1997; Mahajan, 2000; Pechar et al., 2002).  Mixed Matrix membranes comprise of 
molecular sieve entities such as silica, zeolites and carbon embedded in a polymer matrix.  
MMMs have been recognized as an efficient separation tool, capitalizing on the high 
processability of polymers and the excellent separation efficiency of rigid molecular 
sieving substances (Singh and Koros, 1996; Vu et al., 2003a; Hacarlioglu et al., 2003). 
 
Nevertheless, current polymer-fillers MMMs can hardly accomplish the functional 
requirements of new separation tasks, as the application of organic polymer materials in 
rigorous environment has been restricted by their poor thermal and chemical resistances.  
Consequently, the identification/development of more promising inorganic membrane 
materials with excellent thermal and chemical resistances is a vital mission in membranes 
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separation technology (Caro et al., 2000; Ismail and David, 2001).  The specific 
advantages of inorganic miroporous membranes especially molecular sieve zeolites and 
carbon make them suitable for corrosive, high pressure and temperature operations, 
which are too harsh for polymeric membranes (Sznejer et al., 2004; Hatori et al., 2004).  
Particularly, there is a gaining research interest in using carbon molecular sieve 
membranes (CMSMs) for gas separation and purification, as they compete favorably with 
silica- and zeolite-based membranes (Wang et al., 1996b; Ismail and David, 2001; 
Barsema et al., 2004).  Despite their stability in aggressive (vapor or solvents, and non-
oxidizing acids or bases) and adverse (high temperature and pressure operation) 
environments, carbon membranes can attain the high selectivity without loosing the 
productivity after carbonization (Sedigh et al., 1999; Tanihara et al, 1999; Ismail and 
David, 2001; Vu and Koros, 2003a; Nguyen et al., 2003; Barsema et al., 2004).   
 
The deficiencies of organic polymeric materials and comparative advantages of carbon 
membranes have inspired the derivation of more competent membrane material, which is 
Carbon-zeolite mixed matrix composite membrane.  Barsema et al. (2003)had 
successfully increased the pure gas O2/N2 selectivity by functionalizing the carbon 
membranes with Ag-nanoclusters, a material that shows high affinity to permeating gas 
O2 (Barsema et al, 2003).  Zeolites have been predominantly investigated as the dispersed 
phase in carbon matrix for this study.  They are inorganic crystalline microporous 
materials with well-defined and uniform molecular sized pores.  Zeolites possess high 
mechanical, thermal and chemical stability. Carbon-zeolite composite membranes have 
recently arrested the researchers’ attention.  Zhang et al. (2004a) reported a simple 
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method for the growth of zeolite NaA membrane on porous carbon tubes.  Accordingly, 
two steps are involved in the preparation of tubular composite carbon-zeolite membranes: 
1) coating of a thin layer of zeolite seeds onto the inner surface of tubes using seeding 
technique with a seed ethanol solution, and 2) regrowth of continuous films by 
hydrothermal treatment.  On the other hand, Zhang et al. (2004b) have also developed a 
method for the preparation of carbon/silicalite-1 composite membranes, where furfuryl 
alcohol was polymerized on the surface of silicalite-1 membrane followed by the 
carbonization of polymer layer in an inert atmosphere at a temperature of 773k.  The 
composite membranes exhibited higher selectivity as compared to pure silicalite-1 
membrane.  The pores size of composite membranes was then adjusted through oxidation 
of carbon layer.   
 
In this report, a new approach in fabricating the carbon-zeolite KY composite membrane 
derived from the pyrolysis of polymer-zeolite MMMs is presented.  The investigation 
was performed to examine the use of zeolites KY as the disperse phase in the continuous 
matrix phase of polyimide carbon membranes.  To form an effective carbon-zeolite 
composite membrane, the key criteria is the preparation of homogeneous mixed matrix 
precursor with good polymer-zeolite contact/adhesion and the uniform dispersion of 
zeolite fillers in polymer matrix.  Several techniques, especially silane coupling agents 
and integral chains linker were commonly employed to eliminate the poor interphases 
and enhance the interaction between polymer and fillers (Duval et al., 1994; Vankelecom 
et al., 1996; Mahajan, 2000; Pecher et al., 2002).  However, this research has successfully 
prepared the polymer-zeolite MMMs with good morphology and high separation 
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performance by careful controlling of membrane fabrication process without any 
modification.  Therefore, no pretreatment is required, but the pyrolysis can be directly 
performed on polymer-zeolite KY MMMs to produce carbon-zeolite composite 
membranes.  It is anticipated that the resultant heterogeneous or hybrid membranes may 
provide enhanced separation properties by combining the advantageous of high 
separation capability, desire chemical and thermal stability contributed from both carbon 
membranes and zeolites.  The foreseeable development of carbon-zeolite composite 
membranes will certainly conquer the immediate challenges faced by membranes 




5.2.1 Materials and preparation of polymer precursors 
 
A commercially available polyimide was used as the precursor in this study, which was 
Matrimid® 5218 (BTDA-DAPI, 3,3’4,4’-benzophenone tetracarboxylic dianhydride and 
5(6)-amino-1-(4’-aminophenyl-1,3-trimethylindane). Matrimid® 5218 powder used in 
this study was purchased from Ciba Polymers (Hawthorne, New York) with the glass 
transition temperature (Tg) of 323 °C.  The polymer was dried overnight at 120 °C under 
vacuum prior to be used.  Zeolite KY obtained from Universal Oil Products Company 
(UOP, USA) was used as the disperse phase in preparation of composite membranes.  The 
zeolite was dehydrated 350 °C under vacuum for 2 hours prior to be used.  
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5.2.2 Preparation of Polymer-zeolite Mixed Matrix Membranes and carbon 
membranes 
 
The dope composition for the membrane was 20 wt% of Matrimid in NMP at 20 wt % of 
zeolite KY loading in polymer. The mixed matrix membranes were formed by using a 
casting knife. Most of the conditions for polymer solution preparation and membrane 
fabrication were in accordance with other reports (Rojey et al., 1990; Mahajan, 2000). 
The preparation procedure of the polymer/zeolite mixed matrix membrane is detailed in 
Appendix A.  Finally, the homogeneous mixed matrix membrane films with a thickness 
of about 50 µm were ready for characterization and pyrolysis.  
 
The polymer/zeolite mixed matrix precursor for the carbon/zeolite mixed matrix 
composite membrane was fabricated according to the method in reference (Mahajan, 
1998). The zeolite involved was zeolite KY provided by UOP. The KY particles were 
dehydrated at 350oC under vacuum for 2 hours before being immediately dispersed in the 
solvent. A commercially available polyimide, Matrimid 5218, from Ciba (Hawthorne, 
New York) was used as the polymer matrix. The polymer was dried under vacuum at 
120oC overnight. The solvent, N-methyl-pyrrolidinone (NMP) from Merck, was 
dehydrated by activated zeolite 4A beads supplied by Aldrich followed by filtration 
through a 0.2 µm syringe filter (Whatman).  
 
The flow chart of the fabrication of the mixed matrix membrane precursor is described in 
Fig. A.1. The dope composition for the membrane was: 20 wt. % of zeolite in polymer, 
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20 wt. % of Matrimid in NMP. Before adding the polymer, the zeolite/NMP mixture was 
stirred for 1 day, subsequently vacuum degassed for 1 hour; prior to film formation, the 
polymer/zeolite/solvent mixture was degassed in vacuum for 4 hours. These two degas 
steps were the modifications suggested by Dr. Santi as to remove superfluous gases 
sorbed in the polymer solution and zeolite during stirring. In this study, the mixed matrix 
flat sheet membranes are formed under vacuum at high temperature. Under vacuum 
conditions, the gases will aggregate to form bubbles, float to the surface of the nascent 
membrane (with enough solvent present), and be removed by vacuum suck. However, at 
high temperature with the quick removal of the solvent, the viscosity of the solution will 
increase and the nascent membrane may solidify quickly; as a result, the bubbles may not 
escape rapidly enough, thus being trapped and leaving defects inside the membrane. 
Expecting possible deficiencies in the resultant membranes due to the aforementioned 
causes, we applied the pre-degas possibly leading to more efficient gas removal. The 
nascent mixed matrix membranes were formed by using a casting knife, followed by the 
evaporation of the solvent in a vacuum oven at 170oC along with N2 purge; with N2 purge 
continuously, the temperature was gradually increased to 190 or 200oC at 10oC/hour. 
Once the desired temperature was reached, the N2 flow was cut off. After the membrane 
was formed and hold at 190oC for 12 hours, the oven temperature was increased to 250oC 
with a rate of 12oC/20 min and the membrane was annealed for another 12 hours to 
remove remaining solvents.   
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NMP+zeolite NMP+zeolite NMP+zeolite 
+polymer +polymer Casting on the glass plate  
with a casting knife 




Fig. 5.1. The procedure for the polymer/zeolite mixed matrix membrane fabrication 
at high temperature. 
 
The pyrolysis was performed using a Centurion™ Neytech Qex vacuum furnace, where the 
mixed matrix precursors were placed on wire meshes and carbonized under vacuum.  The 
function of the wire meshes is to create balanced heat and vacuum environments above and 
below the polymer precursors during pyrolysis.  In general, the final pyrolysis temperature 
was reached in several steps: the polymer films were heated to 250 ºC from room 
temperature at a rate of 13 ºC/min, subsequently the temperature was raised to 750 ºC with a 
heating rate from 2.5 to 3.8 ºC/min and then the final temperature was reached at a rate of 
0.2 ºC/min.  The final temperature was 800ºC, and the membrane was held at this 
temperature for 2 hr.  After completing the heating cycle, membranes were furnace cooled 
slowly in vacuum to room temperature.   
 
 
5.2.3 Gas Permeation Measurements 
Stir for 24 hours Vacuum degas 
  
    4 hours +Vacuum degas  
1 hour 
The zeolite loading in the polymer is 20 to 
 30 wt. %, the polymer concentration in  
the solvent is 20 to 30 wt. % 
NMP (n-methyl-pyrolidinone) 
Increase the oven 
temperature to 250oC  
 Increase the oven 
temperature to 190 or  
Put the membrane into 
Cut off N2 flow, keep the the vacuum oven (160 or 
170oC), set the oven to 
partial vacuum by purging 
N2 
at 10oC/20min, maintain 
this temperature  
200oC at 10oC/hour,  oven temperature at 190  
or 200oC for 12 hours,  continue the N2 purge 





Membranes were tested in pure gas systems using a constant volume method reported 
Chapter 3 (Li et al., 2000).  
 
5.3 RESULTS AND DISCUSSION  
 
Zeolite-filled mixed matrix membrane (MMM) was prepared through the incorporation 
of zeolite KY into a Matrimid polyimide matrix.  Fig. 5.1 shows the scanning electron 
micrographs (SEM) images of a cross-section of Matrimid-KY-MMM cast at controlled 
conditions with heat-treatment.   
         
  
                                             (a)              (b) 
Fig. 5.2. Scanning electron micrographs (cross-section) of a KY-filled mixed matrix 
membranes at the a) magnification of 3 000, and b) magnification of 10 000. 
 
Inspection of Fig.5.1 reveals that the zeolite particles distribute homogeneously and 
discretely in the membrane, without undesirable gap, namely “sieve-in-cage” 
morphology between the polymeric matrix and the zeolite fillers.  This indicates that the 
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good adhesion and interaction between the polymer and zeolite. The membrane formation 
at high temperature and the heat treatment/annealing above Tg enhanced polymer chains 
flexibility and hence the adhesion between polymer and zeolite surface.    
 
Carbon zeolite composite membrane was then prepared through the carbonization of 
Matrimid-KY-MMM at 800 °C. Carbon-KY-CM denotes the composite membrane 
derived from KY-filled MMMs. Fig. 5.2 compares the wide-angle X-ray diffraction 
(WAXD) patterns of Matrimid-KY-MMM and Carbon-KY-CM.  It confirms that zeolite 
sieves did not experience any chemical reaction or degradation under pyrolysis at high 
temperature of 800 °C.  





Fig. 5.3. WAXD pattens of KY-filled mixed matrix membrane and carbon-KY 
composite membrane. 
 
SEM was also performed to characterize the morphology of resultant composite 
membrane, revealing a homogeneous distribution and good carbon-sieve contact, as 
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shown in Fig. 5.3.   
  
     
 (a)       (b) 
 
Fig. 5.4. Scanning electron micrographs (cross-section) of a composite membrane 
containing zeolite KY in continuous carbon matrix at the  
a) magnification of 3 000, and b) magnification of 10 000. 
 
 
The gas permeability and ideal selectivity of CO2 and CH4 through various membranes 
are summarized in Table 5.1.  Table 5.1 show that the maximum selectivity is attained by 
Carbon-KY composite membrane derived from the pyrolysis of Matrimid-KY-MMM.  As 
compared to the separation performance of Matrimid-KY-MMM, the selectivity and 
permeability of carbon-KY composite membranes increase tremendously after 
carbonization.   




Ideal selectivity of 
CO2/CH4 
Matrimid Precursor 6.5 0.19 34 
Matrimid-KY-MMM 12.1 0.60 20.0 
CM-Matrimid-800 611 10 61 
Carbon-KY-CM 266 2.15 124 
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It is undoubtedly that pyrolysis effectively produces separation membranes with high 
industrial value, especially for polymeric precursors with low permeability.   Accordingly, 
pyrolysis resulted in the amorphous carbon materials containing of micropores.  In 
contrast to the solution-diffusion of polymeric membranes, the main mechanism involved 
in the gas transport through carbon matrix is molecular sieving, which the membranes 
can effectively discriminate gas molecules with similar molecular sizes and exhibit high 
selectivity.   
 
On the other hand, the carbon-KY composite membrane possesses higher separation 
efficiency than the carbon membrane derived from pure matrimid dense film (CM-
Matrimid-800). The CO2/CH4 selectivity remarkably improves from 61 to 124 for 
Carbon-KY-CM, while the permeability decreases after carbonization as compared to 
CM-Matrimid-800.  The noticeably decline of CO2 and CH4 permeability for Carbon-KY-
CM suggests that resultant membrane did not contain non-selective, microporous cavities 
surrounding the zeolite domains, which has been verified by SEM images.  It seems that 
the drop of permeability for Carbon-KY-CM after pyrolysis with relative to CM-
Matrimid-800 might be due to mass transfer resistances which occur at carbon-zeolite 
interfaces.  The increment of the Tg of MMMs with zeolite loading confirms the polymer 
chain rigidification induced by zeolite. This may resulted in denser structure of carbon 
matrix near the zeolite particles after pyrolysis and hence generated higher mass transfer 
resistance.  Moreover, the strong interaction between K+ ions and gas molecules reduces 
the probability of gas penetrants’ diffusive jump which may cause permeability reduction.  
The selectivity, however, increases impressively after incorporating zeolite KY in carbon 
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matrix.  This indicats that the molecular sieving by size discrimination is not the only 
transport mechanism involved for composite membranes, as the pore size of zeolite KY 
(~7.4 Å) is about twice the kinetic diameter of CO2 (3.3 Å) and CH4 (3.8 Å).  Therefore, 
it is believed that, surface diffusion, selective adsorption, polarity and the affinity of gas 
species to zeolite internal surface are also the determining parameters for gas transport 
properties.   The polarity of carbon membrane, most likely increased after incorporating 
with the zeolite KY, a zeolite that was ion-exchanged with cations.  More polar and 
strongly adsorbed component, CO2 is preferentially adsorbs into the micropores of zeolite 
than non-adsorbable CH4 molecules and higher selectivity of CO2/CH4 is achieved. 
Although the effect of adsorptivity and differences in polarity of competitive species may 
be true to some extent, further investigations are required to understand the separation 
mechanism of carbon-zeolite composite membranes. 








P C O 2 (B arrers)
M a tr im id  P re cu rs o r
M a tr im id -K Y -M M M
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C M -M a trim id -8 0 0
 
Fig. 5.5.  Separation properties of CO2/CH4 for Matrimid-derived membranes with 
respect to upper-bound curve. 
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Finally, the CO2/CH4 permeation properties of above-mentioned Matrimid-derived 
membranes and carbon membranes were plotted on the Robeson’s 1991 upper-bound 
curve, as shown in Fig. 5.4.  The carbon-KY composite membrane is well-above the 
upper-bound curve and exhibits superior separation performance.  The results underline 
the importance of carbon-zeolite composite membranes preparation in this investigation, 
where it is believed that the technique developed here could be readily extended to other 






A new material for gas separation, carbon-zeolite KY composite membrane was fabricated 
through the carbonization of zeolite-filled mixed matrix membrane.  The composite 
membrane comprised zeolite KY entities incorporated in carbon membrane matrix, and 
yields a very attractive separation membrane, capitalizing on their superior separation 
properties of high separation performance and stability.  The results obtained by this study 
indicating that the carbon-KY composite membranes provide impressive separation 
efficiency with reasonable high permeability for CO2/CH4 separation.  This study 
demonstrates for the first time that pyrolysis of zeolite-filled MMMs can play an essential 





CHAPTER SIX  
 
FUNDAMENTAL UNDERSTANDING OF NANO-SIZED ZEOLITE 
DISTRIBUTION IN THE FORMATION OF THE MIXED MATRIX SINGLE- 
AND DUAL-LAYER ASYMMETRIC HOLLOW FIBER MEMBRANES 
 
 
6.1. INTRODUCTION  
 
Using selective polymeric membranes for gas separation is a promising process that can 
compete effectively with the traditional separation processes (Ho and Sirkar, 1992; Koros 
and Flemming, 1993; Kesting and Fritzsche, 1993; Matsuura 1994; Paul and Yampol’skii, 
1994; Matsuura, 1994; Pinnau and Freeman, 1990).  Efficient gas separation membranes 
are required to have both high permeance (production) and high selectivity (separation 
factor). Nowadays, many commercialized asymmetric membranes are still made by 
means of the Loeb and Sourirajan phase inversion process (Loeb and Sourirajan, 1962). 
Compared with flat membranes, hollow fiber is more favored due to the following 
advantages: 1) a larger membrane area per volume and 2) good flexibility and easy 
handling in the module fabrication. The fabrication of single layer asymmetric 
membranes has been well studied in the literature (Ho and Sirkar, 1992; Koros and 
Flemming, 1993; Kesting and Fritzsche, 1993; Matsuura 1994; Paul and Yampol’skii, 
1994; Matsuura, 1994; Pinnau and Freeman, 1990). 
 
Dual-layer hollow fiber membranes produced by the co-extrusion of two polymeric 
solutions represent a technology breakthrough in the hollow fibers fabrication (Ekiner, 
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1992a; Kusuki et al., 1992; Li et al, 2002; Liu et al., 2003; Jiang et al. 2004; Li et al., 
2004b). It may provide a solution for the wide application of high performance but 
expensive materials; because it only uses them for the selective skin layer instead of the 
whole fiber. It is a simplified process for composite membrane fabrication compared to 
dip coating. By adjusting the dope viscosity and the porosity of the inner layer, the dual-
layer hollow fibers can exhibit excellent pressure resistance compared to integrally 
skinned single-layer hollow fibers. 
 
The intrinsic separation property of a membrane material is as important in determining 
the final membrane performance as the membrane fabrication technology. The 
considerable efforts in tailoring the polymer structures to improve the selectivity and 
permeability have identified several polymers with high separation properties (Paul and 
Koros and Flemming, 1993; Yampol’skii, 1994; Pinnau and Freeman, 1990; Stern, 1994; 
Freeman, 1999). However, the Robeson upper-bound trade-off curve of polymeric 
materials (Robeson, 1991) has transferred the attention of the researchers partially to 
novel materials including mixed matrix membranes (MMMs) consisting of polymers and 
zeolites (Hennepe et al., 1987; Hennepe et al., 1988; Kulprathipanja et al, 1988a;  
Kulprathipanja et al., 1988b; Jia et al., 1992; Duval et al., 1993; Zimmerman et al., 1997; 
Vu et al., 2003a), polymers and carbon molecular sieves (CMS) (Vu et al., 2003a), 
polymer and nano-particles (Merkel et al., 2002), and CMS and zeolites (Tin et al., 2005). 
The inorganic materials generally have selectivity higher than that of polymeric 
membranes in various separation processes (Singh and Koros, 1996; Triebe et al., 1996; 
Hutson et al., 1999). Therefore, the addition of inorganic domains into a polymer matrix 
 123
is expected to improve the separation factor of polymeric membranes, while retaining 
membrane flexibility.  
 
To further expand the applications of mixed matrix materials for membrane applications, 
one must explore efficient approaches to convert this unique material into useful forms, 
such as asymmetric flat membranes or hollow fibers. Some progresses have been made. 
Kulprathipanja et al. developed flat asymmetric membranes for the separation of 
monosaccharides and polysaccharide (Kulprathipanja et al., 1988a). Kiyono et al. has 
fabricated the mixed matrix hollow fibers for ion exchange (Kiyono et al., 2004).  Work 
on mixed matrix hollow fibers for gas and hydrocarbon separations has also been carried 
out by Ekiner et al. (Ekiner and Kulkarni, 2003), Koros et al. (Koros et al., 2003) and 
Miller (Miller et al., 2002). However, they were released in patents that are aimed at 
proprietary product development. The first published work on mixed matrix hollow fiber 
was carried out by Bhardwaj etc. (2003). 
 
To my best knowledge, almost none of the above references reveals the basic science and 
engineering on the evolution of zeolite distribution during the hollow fiber spinning and 
teaches young membrane scientists on how to directly control particle distribution across 
the membranes. Therefore, there is a considerable motivation to investigate the formation 
process of hollow fibers made of mixed matrix materials for both single-layer and dual-
layer ones. The particle is zeolite beta with size of around 0.3 to 0.5 µm; it is a self-
synthesized molecular sieve. For the single-layer hollow fiber, the entire membrane is 
spun from a solution mixture of mixed matrix materials, while for the dual-layer hollow 
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fiber, the nano-sized zeolite beta particles are added to the outer layer polymeric dope 
only. A comparison between the single layer and the dual layer hollow fibers will be 
made to show the effects of flow behavior and air gap on zeolite distribution in the 
asymmetric hollow fiber membranes. 
 
6.2 EXPERIMENTAL  
 
6.2.1 Materials  
 
Matrimid 5218 purchased from Vantico was the polymer used in this study. The polymer 
was dried in a vacuum oven at 110oC-120oC for overnight before dope preparation; N-
methyl-pyrolidinone (NMP) from Merck was used as solvent due to its low toxicity. 
Zeolite beta particles were added to the polymer solutions to form the mixed matrix 
single or dual layer hollow fiber. The particles were synthesized according the Appendix 
B in our lab and had an average diameter of 0.4 µm.  
 
6.2.2 Dope preparation 
 
The homogeneous polymer solutions were prepared according to the procedure in 
Chapter 4. For the heterogeneous polymer solution containing nano particles, some 
modifications were made. First of all, the particles were dispersed to the solvent and 
stirred for at least 1 day at a high speed of about 400-500 rpm. The other procedures were 
the same as for the homogeneous solutions. All the solutions were degassed in the stirring 
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flask for 24 hours first and then in the pump for another 24 hours before spinning. Table 
6.1 shows the compositions of dopes for the single-layer and dual-layer hollow fibers. 
The polymer solutions used for obtaining the outer layer and inner layer were referred to 
as solution OL and solution IL, respectively. 
 
Table 6.1. The dope compositions of the mixed matrix hollow fibers. 





















Matrimid5218 20 Beta 20wt.% NMP 
       
OL outer 
layer 
Matrimid5218 20 Beta 20wt.% NMP 
IL inner 
layer 
Matrimid5218 20 / / NMP 
 
The rheological properties of all the polymer solutions were determined by using an 
ARES Rheometric Scientific Rheometer with a 25mm cone-plate fixture under dynamic 
mode. The relationship between shear stress and shear rate of the dope solutions can be 
described by the expressions:  
8572.080.34 γτ &=SL and OL:  
IL:  4243.087.66 γτ &=
 
6.2.3 Hollow fiber spinning 
 
The single-layer hollow fibers were spun according to the procedure described in 
references (Chung et al., 1997; Cao et al., 2002), while the dual-layers are described in 
references (Li et al., 2002; Liu et al., 2003; Jiang et al., 2004; Li et al., 2004b). The 
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details of the spinning conditions and parameters were summarized in Table 6.2. The 
fabrication procedure is introduced in Chapter 3.  
 
Table 6.2. Spinning conditions. 





























SLA SL 0.8 / / NMP/water(4/1) 0.3 25 25 0 
SLB SL 0.8 / / NMP/water(4/1) 0.3 25 25 1.5
SLC SL 0.8 / / NMP/water(4/1) 0.3 25 25 2.5
SLD SL 0.8 / / NMP/water(4/1) 0.3 25 25 6 
          
DLA OL 0.2 IL 0.6 NMP/Water(4/1) 0.3 25 25 0 
DLB OL 0.2 IL 0.6 NMP/Water(4/1) 0.3 25 25 1.5





The samples for the SEM characterization were also subjected to the linescan spectrum of 
energy dispersion of X-ray (EDX) to detect the particle distribution profile in the fiber 
cross-section.  The pure gas permeation of these mixed matrix hollow fibers was 
measured by a constant volume method described in Chapter 3. The feed pressure ranges 
from 1 to 5 atm.  
 
6.3 RESULTS AND DISCUSSION 
 
6.3.1 Analysis and hypothesis 
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 To produce high-performance hollow fiber membranes, in addition to choosing the best 
membrane materials for spinning, one must optimize the membrane formation process in 
order to yield the desirable membrane structure.  For mixed matrix asymmetric hollow 
fibers, the particles distribution is one of the important factors determining the final 
membrane separation performance.  
 
When a polymer dope is pumped through a spinneret that consists of a tube inserting in 
an orifice, shear stress will be produced within the thin annual. For a power law fluid the 
following rheological equation exists: 
                                                      nKγτ &=
in which, τ  is the shear stress (Nm-2), γ&  is the shear rate (s-1). Fig. 6.1(a) shows the 
schematic axial velocity and shear rate profiles of a power law polymer solution within 
the spinneret channel (Bird et al., 1987; Shilton, 1997; Qin et al., 2000; Cao et al., 2002). 
The highest shear stress is resulted at the wall of the spinneret. Previous fundamental 
studies on shear rate have recognized that the dope rheology plays a very important role 
in the hollow fiber formation, separation performance and thermomechanical properties 
(Aptel et al., 1985; Shilton, 1997; Ismail et al., 1997; Qin et al., 2000). In summary, 
hollow fiber membranes spun with enhanced shear may exhibit a lower permeance but a 
higher selectivity due to the greater molecular orientation caused in the high-sheared 
fibers. The shear stress may also drastically affect the particles movement in the polymer 
solution when it flows through the spinneret. The particles may rotate and move to the 
position with lower energy requirement that is located near the central part of the flow 
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with lower shear rates. Therefore, it is expected that there will be a concentrated particles 
distribution in the middle part of the resultant nascent fiber wall, which is schematically 
shown in Fig. 6.1(b). This is an undesirable situation because, for most cases, the skin 
layer of either inside or outside is the structure responsible for the separation in these 
phase separation membranes. If this happens, the added zeolite becomes a waste because 
its separation function is not used.   
 
 
Fig 6.1(a) Schematic of the axial velocity and shear rate profiles along the  
radial length within the spinneret; (b) Schematic of the particle distribution  




During the dry-jet wet-spinning process, the elongation induced by the gravity of the 
nascent hollow fibers in the air gap is unavoidable. In this elongational flow, there is a 
velocity gradient in the flow direction and the fiber diameter will shrink. If the end effect 
can be ignored, the deformation will be uniformly across the radius.  For melt spinning 
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(not solution spinning) of a single fiber, the axial (z) and radial (r) velocities of the fiber 







v  (Eq. 6.1) 




∂  (Eq. 6.2) 
where vz is the axial velocity, while vr is the radial velocity. A solution that satisfies the 
boundary conditions  at z = 0 and 0=zv Uvz =  at z = L(t), and at r = 0, is as 
follows (Middleman, 1968): 
0=rv
             LzUvz /•= LrUvr 2/•−=   (Eq. 6.3A; Eq. 6.3B) 
Therefore, there is a polymer surface movement radially from the shell side inward to the 
bore side during the elongation. According to Eq. 6.3B, the inward moving velocity of the 
outer free surface is dependent on the take-up speed (assuming there is no draw in the 
coagulation bath) and its outer diameter.   
 
Similar to melting spinning, for the spinning of a polymer solution with homogeneously 
distributed particles, the axial extension in the air gap will make the distance between the 
particles longer in the flow direction. However, the bulk inward or the radial movement 
of the polymer from the shell side (the free surface) to the bore side may bring the 
particles along the fiber radius closer.  Therefore the two factors, the axial velocity and 
the radial velocity, may simultaneously affect the particle distribution density in the cross 
section. This is especially true at the die-swell region. The situations of the particle 




Fig. 6.2. Particle distribution profiles induced by the air gap. Note: the dashed 
lines indicate the moving surface of the hollow fiber. 
 
 
Fig. 6.2 (a) represents the particle distribution density profile at the spinneret outlet, 
which corresponds to the schematic of Fig. 6.1 (b). At a certain air gap, the particle 
distribution density may decrease, remain constant or increase after the elongation of the 
fibers, which is shown in Fig. 6.2 (b). The situation becomes more complicated in 
solution spinning. Because the nascent outer skin moves inward faster than its underneath 
as shown Eq. 6.3B and the non-compressible bore fluid stays in the fiber lumen, the 
particle density at the outer skin may become higher than that at the inner skin as shown 
in Fig. 6.2 (c1-c3); In addition, the difference in particle density is also dependent on the 
dope viscosity and phase separation process. For example, the inward movement of the 
fiber surface may facilitate the outflow of dope solvents during the precipitation process, 
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which may result in the migration of nano-particles outward to the outer skin and 
accumulate there. 
 
6.3.2 Single layer mixed matrix hollow fibers 
 
Fig. 6.3 (a1-d1) exhibits the cross section morphology of the single-layer mixed matrix 
hollow fibers spun at different air gaps. Generally, with air gap increasing, the fiber 
diameter and wall thickness decrease. The fiber diameter of wet spinning is smaller than 
that of the air gap 1.5 cm. This is due to the fact that the polymer solution experiences a 
die swell when exiting from the spinneret into air in a dry jet process. In other words, 
once the highly viscous spinning solution passing through the annulus exit, the fluid has 
the tendency to relax the tension along the streamline by lateral expansion. Therefore, in 
the die swell region, the outer diameter of the fiber will be larger than the spinneret outer 
diameter. When the air gap is larger than about 2.0 cm, it appears that the die swell effects 
can be removed effectively as shown in Fig. 6.3 (c1-d1).  
 
The finger-like macrovoids start from near the outer skin and cross through almost the 
entire cross-section of the fiber. With air gaps of 0 and 1.5 cm, there is also a layer of 
small macrovoids initiating from the lumen side of the fibers. However, when air gap is 
raised to 2.5 and 6 cm, these small macrovoids are completed eliminated. Reasons of 
reduced macrovoids may arise from the following factors: 1) The state of solution may 
change under elongational stresses, which may not favour the formation of macrovoids 
(Wolf, 1984; Chung, 1997a), 2) The external elongational stresses may probably create 
 132
extra phase instability and facilitate spinnodal decomposition relatively uniformly across 
the membrane (Chung, 1997a), 3) The rapid shrinkage of fiber diameter at higher air gaps 
results in greater elongational stretch which may induce radial outflow from the nascent 
fiber to the internal coagulant and hinder the capillary intrusion or diffusion of coagulants, 
thus eliminate the chance of forming macrovoids at the inner surface, as discussed in the 
reference (Wang et al., 2004a).  
 
Fig. 6.3.  SEM-EDX silicon line scanning spectra for the cross-section of the  
single-layer mixed matrix hollow fibers made from solution SL (Table 1)  
with air gap (a). 0; (b) 1.5cm; (c) 2.5cm; (d) 6cm.  
 
 
The calculated axial velocity and shear rate profiles of mixed matrix dope solutions with 
a dope flow rate of 0.8ml/min at the outlet (z=0) of the spinneret are shown in Fig. 6.4. 
The highest shear rate is at the wall of the spinneret. The EDX analysis of the particle 
distribution on the cross section is shown in Fig. 6.3 (a2-d2). The profiles are the line 
scan spectra of the element silicon that is the major component of the zeolite beta. At air 
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gap of zero (Fig. 6.3(a2)), the spectrum exhibits higher intensity in the middle part of the 
fiber wall. The shape of the profile is consistent with the calculated axial velocity in Fig. 
4. This observation is in accordance with the previous assumption that the particles tend 
to move to the central part of the dope flow in the spinneret channel due to the high shear 
rate at the spinneret wall. Though the parabolic shape is still observable, the line scan 
spectrum becomes relatively flat when the air gap is 1.5cm as shown in Fig. 6.3(b2). This 
is possibly due to the die swell that moves particles radially and levels off the difference 
of particle density across the membrane. As a result, the difference of the signal intensity 
between the central part and the two sides is not obvious. In addition, the average particle 
density drops from about 40 in Fig. 6.3(a2) to about 20 in Fig. 6.3 (b2). Increasing the air 
gap to 2.5 cm leads to further flattening of the signal intensity profile along the cross-
section as shown in Fig. 6.3(c2). However, the average particle intensity increases a little 
compared to that of air gap 1.5 (i.e., the average particle density increases from about 20 
to about 25). Clearly, the radial shrinkage during elongation has overrun the effect of 
axial elongation.  Similarly, the particle densities near the outer edge of the hollow fibers 
experience a decrease, then a slightly increase trend in these three air gaps. This trend can 
be observed in Fig. 6.3(a2-c2).  
 
Further increase in the air gap may intensify the influence from the axial velocity that 
takes apart the particles.  Line scan spectrum of the cross section of the fibers spun using 
air gap of 6 cm shows the lowest signal intensity of about 15, and this value is much 
smaller than that of shorter air gaps (Fig 6.3(a2)-(c2)). Therefore it is concluded that the 
particles are more loosely distributed. It is also observed in Fig. 6.3(d2) that the parabolic 
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Fig. 6.4. Axial velocity and shear rate profiles with radial length at the  




SEM pictures in Fig. 6.5(a-d) are the surface morphology of the single layer mixed 
matrix hollow fiber using different air gaps. These graphs confirm some of the 
conclusions in the analysis using EDX line scan. When air gap rises from 1.5cm to 2.5cm, 
there is a little increase in the particle number on the surface. At air gap of 6cm, the dope 
solution becomes unstable perhaps due to the high elongation. As a result, the phase 
separated membrane exhibits an uneven surface, and the particles and the polymer matrix, 
cannot be distinguished. 
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 Fig. 6.5. Effect of the air gap on the surface morphology of the  
single-layer mixed matrix hollow fibers. 
 
 
In Fig. 6.5, the draw ratios of the fibers at different air gaps have also been calculated by 
the following equation:  






−=ϕ   (Eq. 6.4)  
OD and ID are the outer and inner fiber diameters, respectively. The quantified particle 
distribution density on the surface as a function of the drawing will be discussed in the 
following part.   
 
For hollow fibers with a graded structure consisting of a skin, a transition layer and an 
underlying substructure, the ultra-thin skin dominates resistance to permeation, with no 
or little contribution from the substructure. In view of this, molecular sieves enhancing 
the separation factors are to be limited to the outer part. The particles located at the 
substructure won’t play any role in improving the separation performance. Therefore, 
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according to Fig. 6.3 and 6.5, it seems to be hard to use the approach of single-layer 
hollow fiber membranes to accomplish the objective of controlling zeolite particles 
mostly at the outer selective skin.  
 
6.3.3 Dual layer mixed matrix hollow fibers 
 
Fig. 6.6 shows the conceptual schematic of the dual layer hollow fiber with mixed matrix 
outer layer and a pure polymer inner layer. By feeding of nano-particles in the outer layer 
region from the beginning of fiber spinning and understanding of the existence of an 
inward movement of the outer surface under elongation, it is possible to make the nano-
particles exist at the outer most skin region.   
 
Fig. 6.6. Schematic cross section morphology of the dual layer  




Fig. 6.7 shows the cross-section morphologies of the dual layer hollow fibers prepared 
from the dope solutions OL and IL (Table 6.1) as the outer and inner layers, respectively. 
The air gaps used are 0, 1.5 and 2.5 cm (Table 6.2). Apparently, the particle distribution 
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on the hollow fiber shell side is homogeneous in all the cases, and there is no obvious 
agglomeration of the particles. The effect of the air gap distance on the fiber cross-section 
morphology, especially the particle distribution is very clear. When the fiber is formed by 
wet spinning which immerses the nascent fiber directly into the coagulant, the diameter 
of the fiber is very large, and the thickness of the outer layer (containing particles) is 
around 55µm as shown in Fig. 6.7(a1).  
 
For the fibers spun with an air gap, the fiber diameter as well as the width of particle 
distribution area decreases tremendously. The fiber diameter data are summarized in 
Table 6.3. In Fig. 6.7(c1), the width of the particle distribution area is only around 20 µm 
when the air gap is 2.5 cm. Though the absolute values of the diameter change a lot, the 
ratio of them seems to be a constant as shown in Table 6.3. 
 
 
Fig. 6.7. SEM graphs of cross sectional view of the dual layer hollow fibers. Dope 
composition: OL1 and IL1. Spinning condition: (a) DL1A; (b) DL1B; (c) DL1C.  
(1) X500 magnification; (2) X2000 magnification.  




Table 6.3. Dimensional change of the dual layer hollow fiber as a function 














0 560 868 980 1.13 1.55 
1.5 390 646 710 1.10 1.65 
2.5 245 390 427 1.09 1.59 
 
 
Fig. 6.8(a-b) shows the calculated axial velocity and shear rate profiles of the dope 
solution of the two layers. Similar to the single layer hollow fiber, the particles 
distribution profile should resemble the axial parabolic velocity profile in the wet 
spinning. This is confirmed by the EDX analysis as shown in Fig. 6.9(a). Since the inner 
layer is pure polymer, the spectrum shows a sharp difference between the two layers 
concerning the element of silicon. For the silicon in the outer layer, the density in the 
central part is the highest and the profile resembles the dope axial velocity. At air gap 
1.5cm, the parabolic profile shape does not change significantly. However, the signal 
intensity near the outer skin region of the outer layer increases slightly, as shown in Fig. 
6.9(b), even though the overall signal intensity across the outer skin decreases slightly 
because of the elongation drawing. As a consequence, the resultant particle distribution is 
similar to Fig. 6.2(c2).  
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 Fig. 6.8. Axial velocity and shear rate profiles with radial length at the outlet of the 




In Fig. 6.9(c), when the air gap is 2.5cm, it is observed that the symmetric profile no 
longer exists; the signal intensity at the outside is much higher than the central part, and 
the intensity of the whole profile has increased after a little depression at the air gap of 
1.5 cm. This situation is in accordance with previous discussion for Fig. 6.2(c3) where 
the effect from radial shrinkage is more intense because not only the spinning-line 
elongation stress induces inward movement of the free outer-skin surface, but also the 
higher solvent outflow during the phase inversion process induces more surface inward 
shrinkage. This phenomenon has not been clearly observed in the single layer hollow 
fiber.  
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 Fig. 6.9.  SEM-EDX silicon line scanning spectra for the cross-section of the dual 
layer mixed matrix hollow fibers made from solution OL1 and IL1 (Table 1) and 
spinning condition DL1 with air gap: (a) 0; (b) 1.5cm; (c) 2.5cm. 
 
 
Similarly, the SEM pictures confirm some of the observations in the EDX line spectra. A 
comparison of Fig. 6.10a vs. Fig. 6.10b and 6.10c indicates that the number of particles 
apparently just moving underneath the outer surface is lower for the wet-spun fibers (i.e., 
directly immersing the nascent fiber into the water coagulant) than those for dry-jet wet-
spun fibers (i.e., there exists an air gap). Clearly, the ratio of particles over the polymer 




Fig. 6.10. SEM graphs of the particle distribution on the outer skin of  
the dual-layer hollow fiber, (a) air gap 0; (b) air gap 1.5;  
(c) air gap 2.5cm, Dope composition: OL1 and IL1. 
 
 
Fig. 6.11 presents the plots of the particle number per area on the hollow fiber surface as 
a function of draw ratio in both single-and dual-layer hollow fibers. Though the two sets 
of fibers are spun using the same air gaps, the resultant draw ratios are quite different 
because of the differences in spinneret diameter, dope rheology, weight and the speed of 
phase inversion process. However, the shape of the two curves has the same trend, which 
indicates clearly that a high draw ratio will increase the particle density on the fiber 
surface. Therefore, the draw ratio is an important parameter to describe the particles’ 
morphological changes in the mixed matrix hollow fibers.  
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Fig. 6.11. The plot of particle number per area as a function of the draw ratio of 




Based on the above observations, the molecular sieves distribution density in the polymer 
matrix at the outer skin may be adjusted by the air gap or draw ratio. This approach 
probably may be a much more convenient way of reflecting the effect of molecular sieves 
in gas separation membrane than directly increasing the molecular sieves loading in the 
dope solution, as the latter will significantly increase the viscosity of the polymer solution 
and imposes more difficulties to the spinneret design and spinning process.  
 
6.3.4 Preliminary data on gas pemeance of the dual layer mixed matrix hollow fiber 
 
 
Tables 6.4 and 6.5 summarize the gas separation performance of the single-layer and 
dual-layer hollow fibers, respectively. These fibers show Knudsen diffusion with high 
permeance. This phenomenon may be due to two factors; namely, 1) poor contact 
between the zeolite particles and the polymer matrix, and 2) the use of a low polymer 
concentration (20 wt. %) for the outer-layer spinning solution.  For readers’ information, 
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the proper polymer concentration to make defect-free Matrimid hollow fiber membranes 
for gas separation is about 26.2 wt% (Clausi and Koros, 2000; Jiang et al., 2004). As a 
result, the as-spun outer mixed matrix layer of the hollow fiber membrane has a defective 
skin for Knudsen diffusion.  
 
Table 6.4. Separation performance of the single-layer mixed matrix  
hollow fiber as a function of air gap.   
 
Permeance (GPU) Fiber 
ID 
Air gap 
(cm) O2 N2 
Selectivity 
SLA 0 3633 3906 0.93 
SLB 1.5 6328 6954 0.91 
SLC 2.5 6504 6775 0.96 
 
 
Table 6.5. Separation performance of the dual-layer mixed matrix  
hollow fiber as a function of air gap.   
 
Permeance (GPU) Fiber  
ID 
Air gap 
 (cm) O2 N2 
Selectivity 
DLA 0 136 143 0.95 
DLB 1.5 244 261 0.94 
DLC 2.5 758 824 0.92 
 
 
In addition, possibly because of elongation drawing on the phase inversion process or on 
the interface delamination between the polymer and zeolite particles (Chung, 1997a), 
Tables 6.4 and 6.5 show an increase in permeance with increasing air gap. Examination 
of Table 6.4 and 6.5 also shows that the permeance of the single-layer hollow fibers is 
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much higher than that of the dual-layer ones. The porous zeolite dispersed in the 
substructure may help to create defects and reduce the gas transport resistance. This study 
strongly suggests that these as-spun fibers need further post-treatments to eliminate 
defects for gas separation. The effects of various post-treatments on mixed matrix 




Single layer and dual layer hollow fibers with the molecular sieve-polymer mixed matrix 
structure have been fabricated and the morphology has been studied. The following 
conclusions can be drawn based on this work: 
 
(1) Due to the quick solidification of the polymer solution in the coagulant, the nano-
sized particles distribution was homogeneous and no serious aggregation was 
observed.  
(2) EDX line scanning was applied to analyze the particles distribution profiles in the 
cross-section of the hollow fibers. Several resultant particles distribution profiles 
in the hollow fiber cross-section after air gap elongation have been assumed and 
testified later by the EDX as well as SEM characterization. The results showed 
that the particles distribution on the cross section of the nascent fibers was 
determined by the dope flow status or the shear rate in the spinneret. However, 
some effects due to air gap changed this initial character.  
(3) A comparison between the single layer and dual layer hollow fibers showed that    
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      the particle distribution density on the surface of the hollow fiber increased  
      tremendously with increasing draw ratio.  
(4)  Gas separation performance indicates the outer mixed matrix layer of the as-spun  
       hollow fiber membrane has a defective skin for Knudson diffusion. Further post- 























CHAPTER SEVEN  
 
AN INVESTIGATION TO REVITALIZE THE SEPARATION  
PERFORMANCE OF HOLLOW FIBERS WITH A THIN  






The investigation of hollow fibers with mixed matrix skin for gas separation has been 
carried out in previous work in Chapter 6. Some interesting findings were observed about 
the morphology. However, the resultant fibers exhibited very poor separation performace 
indicating that the selective skins were full of defects (e.g. the polymer zeolite interface 
defects). The additional post-treatment was necessary to remove the defects.  
 
In the past few decades, MMCMs for gas separation have already been extensively and 
intensively examined in flat dense films.  The work on MMCMs can be sorted into two 
major categories in terms of the polymers applied:  rubbery polymers and glassy 
polymers. It is found that when using rubbery polymers as the continuous phase, the 
contact between the polymer matrix and the particle surface is generally good owing to 
the highly flexible polymer chains. Jia et al. (1992) explored the permeability of the 
silicalite-PDMS MMCMs. The resultant membranes showed slight increases in O2/N2 
and CO2/CH4 selectivity in comparison to pure PDMS with increasing loading of 
silicalite. The most impressive improvement in CO2/CH4 separation was obtained by 
Duval et al. (1993). According to their study, an increase in CO2/CH4 selectivity from 
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13.5 to 35 was achieved with a MMCM comprising 46 vol. % zeolite KY in the nitrile 
butadiene rubber (NBR).   
 
Currently, much more interests are given to the glassy polymers due to their excellent 
thermal and mechanical property. Nevertheless, the work on the MMCMs using glassy 
polymers is in for a tough road, since the rigid polymer chains doesn’t allow an easy 
compact between the polymer and the particles (Duval et al., 1994; Vankelecom et al., 
1995; Vankelecom et al., 1996; Mahajan and Koros, 2002; Vu et al., 2003a). The resultant 
membranes usually have deteriorated selectivity. Methods addressing the elimination of 
the zeolite-polymer interface defects have been proposed. Some studies have suggested 
implement high temperatures during membrane formation in order to maintain polymer 
chain flexibility (Rojey et al., 1990; Duval, 1994; Vu et al., 2003a).  In effect, by casting 
membranes at high temperatures, Rojey et al. (1990) were the pioneers observing 
significant selectivity enhancement for H2/CH4 gas mixtures using MMCMs comprising 
zeolite 4A dispersed in the Ultem matrix.  
 
The purpose of this work is to investigate the effects of some fundamentals of science 
and engineering aspects such as spinning conditions, post treatment etc. on the 
fabrication of hollow fibers with a defect–free mixed matrix selective skin. At the same 
time, the way to get an ultrathin skin was also suggested. 
 
To fulfill the objective, the double-layered hollow fibers previously invented and 
investigated by a Japanese researcher (Yanagimoto, 1987) and this group (Li et al., 2002; 
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Liu et al., 2003; Jiang et al., 2004; Li et al., 2004a; Li et al., 2004b; Jiang et al., 2005) are 
used in this study. The polymer acted as the continuous phase of the outer selective layer 
is polysulfone (PSF); a self-synthesized zeolite beta with averaged particle sizes of 
around 0.4 µm is used as the dispersed phase; a glassy polyimide commercially known as 
Matrimid 5218 is chosen as the porous supporting inner layer due to its good thermal and 
mechanical properties.  The vast difference between the glassy transition temperature of 
PSF (Tg of 185oC) and Matrimid (Tg of 302oC) provides us with the operating 
possibility of carrying out the heat treatment aimed specifically at the selective outer 




7.2.1 Materials  
 
Udel® Polysulfone (PSF) from Amoco and Matrimid® 5218 from Vantico were the 
polymers used in this study. N-methyl-pyrrolidinone (NMP) from Merck was used as the 
solvent due to its low toxicity. Ethanol (EtOH) from Merck was used as a nonsolvent. 
Zeolite beta particles were added to the spinning solution for mixed matrix outer layer of 
the dual-layer hollow fibers.  
 
Three types of caulking processes were applied to seal membrane defects. The first one 
(A) is the traditional one-step coating using silicon rubber (Sylgard 184) dissolving in 
hexane (Henis and Tripodi, 1981); the second (B) uses silicon rubber in iso-octane for 
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coating; the third (C) is a reactive coating consisting of two procedures adopted 
according to (Ekiner et al., 1992b; Ekiner et al., 2003): diethyltoluenediamine (Ethacure) 
was applied as the first coating material, while a mixture of 1, 3, 5-benzenetricarbonyl 
chloride (Lancaster) and silicon rubber (Sylgard 184) were subsequently applied as the 
second coating material. The two coating solutions in the third approach were also 
prepared in iso-octane (Aldrich).  The chemical structures of polysulfone, Matrimid, 
silicon rubber, diethyltoluenediamine and 1, 3, 5-benzenetricarbonyl chloride are shown 
in Fig. 7.1 
.  
 
Fig. 7.1. Chemical structures of (a) Matrimid; (b) Polysulfone; (c) silicon rubber;  
(d) 1, 3, 5-benzenetricarbonyl chloride; (e) diethyltoluenediamine.  
 
7.2.2 Hollow fiber fabrication 
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The dope preparation is the same as that in Chapter 6. Table 7.1 shows the compositions 
of dopes for dual-layer hollow fibers in this work. For comparison, another batch of dual-
layer fibers spun from neat PSF/Matrimid solutions was also prepared as a control 
according to the composition shown in Table 7.1 (Pesek and Koros, 1994; Chung et al., 
1997).  The polymer solutions used for obtaining the outer layer and inner layer were 
referred to as OL and IL, respectively. The dual-layer hollow fibers were spun according 
to the procedure described in Chapter 6.  
 
Table 7.1. Dope compositions for the dual-layer hollow fibers. 




















OL  outer 
layer  
Polysulfone 37 /  / NMP  /  
OL10  outer 
layer 
Polysulfone 30 Beta 20 NMP / 












23 / / NMP/ 
EtOH 
4/1 
        
Bore 
fluid 




OL and IL are the solutions for the neat PSF/Matrimid hollow fibers. OL10 and IL10 
are the solutions for the PSF/zeolite beta/Matrimid mixed matrix hollow fibers. 
 
 
The details of the spinning conditions and parameters were summarized in Table 7.2 for 
both the neat PSF/Matrimid hollow fibers and the PSF/zeolite-beta/Matrimid mixed 
matrix hollow fibers.  
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 Table 7.2. Spinning parameters for the dual-layer hollow fibers. 
Spinning Parameters  






































DL10A 0.12 0.8 0.3 0 25 25 
DL10B 0.08 0.8 0.3 0 25 25 




hollow fiber DL10D 0.08 0.8 0.3 6 25 25 
 
 
The as-spun fibers have high permeance without much selectivity (Jiang et al., 2005). 
Therefore, the resultant hollow fibers were annealed at 130oC, 150oC and 200oC for 12 
hours, 6 hours and 2 hours, respectively, to diminish the surface defects. In addition, the 
three coating processes were employed and their effectiveness to seal the membrane 
defects was compared. The solution of the coating approaches A and B contains 2 wt. % 
silicon rubber in hexane and iso-octane, respectively; while the solutions for the two-step 
approach C are 1) 0.2 wt. % diethyltoluenediamine in iso-octane and 2) a mixture of 0.2 
wt. % of 1, 3, 5- benzenetricarbonyl chloride and 2 wt. % silicon rubber in iso-octane 
(Ekiner et al., 1992b; Ekiner et al., 2003). Each step of coating was conducted by dip 
coating the fiber when applying vacuum from the fiber lumen for 30 minutes. This 
concept of reactive coating was first proposed by DuPont scientists (Ekiner et al., 1992b) 
and later applied on sealing the mixed matrix membranes (Ekiner et al., 2003). The fibers 
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coated with the method A were kept in a dry box for two days before testing; the fibers 
under methods B and C were annealed at 100oC for 2 hours before gas separation 
characterization. The heat treatment processes were all performed in a precision high-




The surface property changes of the fibers after the coating were monitored by a Perkin-
Elmer FTIR Spectrum 2000 using an attenuated total reflection (ATR) technology.  The 
pure gas permeance test of the fibers is the same as that of Chapter 6; the mixed gas test 
for both O2/N2 and CO2/CH4 were given in Appendix C.  
 
7.3. RESULTS AND DISCUSSION 
 
7.3.1 Hollow fiber spinning and the separation performance of as-spun fibers 
 
Similar to the preparation of hollow fibers for gas separation (Chung et al., 1997), the 
polymer concentration in the dope forming the outer mixed matrix layer should be high to 
provide for the formation of a substantially defect-free polymer phase on the skin. 
Moreover, high polymer concentration is helpful in preventing particle sedimentation in 
the dope. The compositions for the inner and outer layer dopes, and bore fluid are 
summarized in Table 7.1. The PSF concentration for the selective layer were 30 wt. % 
which was around the concentrations reported to form high performance hollow fibers 
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(Pesek and Koros, 1994); the zeolite loading in the PSF matrix is 20 wt. %. In order to 
form a more porous substrate structure with less resistance to gas transport, the Matrimid 
concentration in the inner layer dope was chosen to be 23 wt.%. EtOH was added as the 
nonsolvent in the inner layer dope not only to increase bulk porosity in the substrate layer, 
but also to yield a porous interface between the inner and outer layers (Li et al., 2002; 
Jiang et al., 2004). A bore fluid of 95/5 of NMP/H2O was applied to the fiber lumen in 
order to induce delayed mixing and to create a substructure with minimal resistance in the 
inner skin (Chung et al., 1997).  
 
The most challenging issues in MMCM hollow fibers are 1) how to make mixed matrix 
layer thickness as thin as possible, 2) how to reduce defects in the selective skin, and 3) 
how to really take advantage of the high-selective nature of zeolite molecular sieves.  
Based on the previous experience on dual-layer hollow fiber membranes (Jiang et al., 
2004; Li et al., 2004b; Jiang et al., 2005), the spinning conditions aimed to achieve 
thickness requirement are summarized in Table 7.2. By reducing outer layer flow rate 
(while maintaining most other spinning factors constant), the outer layer thickness can be 
reduced. As for the other two goals, to apply various heat-treatments to densify the 
selective skin while maintaining the substrate structure and to induce surface 
modifications to improve selectivity might make sense and will be discussed in the later 
sections.    
 
Table 7.3 summarizes the gas permeance and ideal selectivity of the as-spun dual- layer 
hollow fibers with a zeolite-PSF mixed matrix outer layer. Performance of the hollow 
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fibers with neat PSF as the outer layer is also listed for comparison.  
 
Table 7.3. Separation performance of the dual-layer hollow fibers. 
Before coating  After coating 
Permeance (GPU) Selectivity  Permeance (GPU) Selectivity
 
Fiber 








DLA* 14.7 2.40 0.611 24 3.9       
DL10A 1967 391 419 4.7 0.93  58 18.0 15.3 3.8 1.18
DL10B 448 139 146 3.1 0.95  157 60.8 61.3 2.6 0.99
DL10C 726 117 119 6.1 0.98  61 12.8 11.9 5.1 1.08
DL10D   1075 1156   0.93  451 206 211 2.1 0.97
 
* With neat polysulfone as the outer layer; testing conditions: 1 or 2 atm, 25oC. 
  
Examination of the data of mixed matrix hollow fibers reveals that the outer layer’s dope 
flow rate significantly influences the permeance possibly because of the shear rate effects 
(Chung et al., 2000; Qin et al., 2000) and the complexity of phase inversion of the dual-
layer structure (Jiang et al., 2004; Li et al.b, 2004; Jiang et al., 2005). In addition, similar 
to the single-layer polymeric hollow fibers (Chung and Hu, 1997; Carruthers et al., 2003), 
Table 7.3 indicates that 6-cm air gap significantly increases the permeance of dual-layer 
membranes. The gravitational force might change the contact status between the particle 
and polymer in the outer layer and help to create more defects and reduce the gas 
transport resistance. However, all the fibers present essentially Knudsen diffusion even 
after coating with silicon rubber.  In contrast with the Knudsen diffusion of the mixed 
matrix hollow fibers, the as-spun fibers with a neat PSF outer layer have O2/N2 selectivity 
of 3.9  
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Fig. 7.2. SEM of the outer layer partial cross-section and surface of  
the dual-layer hollow fibers: (a), (b) cross-section; (c), (d) surface. 
 
 
Fig. 7.2 illustrates a typical cross-section near the outer layer and the outer surface 
morphology. Fig 7.2a and Fig. 7.2b show that both the inner layer and outer layer are 
porous and the particles in outer layer are uniformly dispersed in the PSF porous network. 
However, a dense skin of particle and polymer mixed matrix cannot be observed, which 
might explain the low selectivity of these membranes. As exhibited by Fig. 7.2c, the 
particles are homogeneously distributed on the surface. Nevertheless, at a higher 
magnification in Fig. 7.2d, some of the polymer-zeolite interface defects are determined 
to be tens of nano-meters. These dimensions of the defects are far beyond the range that 
can be sealed by the silicon rubber coating.  
 
7.3.2 The effect of heat treatments on morphology and separation performance  
 
 
Scale bar  10 µm Scale bar 1 µm
(a) (b)
(c) (d)(c) (d)
Scale bar  Scale bar 10 µm 100 nm
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To reduce defects, one approach is to densify the mixed matrix layer using heat treatment. 
Heat treatment has been considered as an effective method to reduce pore sizes and 
remove membrane defects since the birth of RO (Sourirajan, 1970; Sourirajan and 
Matsuura, 1985); its effects on microporous, gas separation and pervaporation 
membranes have been summarized by Chung and his coworkers (Chung, 1996; Chung et 
al., 2003b; Gul et al., 2005; Qiao et al., 2005). Basically, heat treatment induces molecule 
relaxation and microscopically repackages of the polymeric chains, which tend to perfect 
and densify the selective skins and minimize the surface defects. For mixed matrix 
membranes, Vu et al. (2003a), Duval et al. (1994) and Mahajan (1998) have conducted 
various thermal annealing on highly dense flat MMMs with limited success depending on 
the inherent polymer and sieve interactions.  
 





H1 120 12 
H2 150 6 
H3 200 2 
 
 
The dual-layer hollow fiber membranes with a mixed matrix outer layer developed in this 
work were given different heat-treatments, both above and below the Tg of the PSF 
(185oC), and the heat treatment conditions are listed in Table 7.4.  
 
Fig. 7.3 illustrates the evolution of the cross-section morphology of DL10A with various 
annealing temperatures. The initially fully porous mixed-matrix outer-layer of the 
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untreated fibers apparently become denser when the 120oC heat treatment is carried out; 
the pores become smaller and the outer layer thickness decreases slightly due to the 
densification. The structure changes become more severe and obvious when the 
annealing temperature is raised to 150oC and 200oC. After heat treatments under these 
two temperatures, the pores of the polysulfone layer (i.e, mixed matrix layer) have more 
or less melted together and form a seemingly dense polymer structure. In addition, the 
thickness of the outer selective layer has been reduced in a more pronounced degree from 
around 20 µm to around 12 µm, which indicates a decrement of around 40 %.  The outer 





Fig. 7.3. SEM graphs of the mixed matrix hollow fiber (DL10C) outer layer  
after different heat treatment. Heat treatment temperature:  
original; 120oC (12 hours); 150oC (6 hours); 200oC (2 hours).  
 
 
Table 7.5 shows the gas separation properties of heat treated hollow fibers. The control 
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with a neat PSF outer layer has also been heat treated at 200oC for 2 hours and submitted 
to the gas permeation test. Consistent with the SEM observations for the mixed matrix 
hollow fibers in Fig. 7.3, heat treatment reduces the permeance to an extremely low level.  
 
Table 7.5. Hollow fiber separation performance as a function  
of heat treatment before coating. 
Permeance (GPU) Selectivity Fiber 
ID 
Heat  
treatment He O2 N2 He/N2 O2/N2 
DLA* H3 1.48 0.165 0.0395 37 4.1 
DL10A H3 4.38 1.46 1.46 3.0 1.00 
       
DL10B H3 5.64 1.84 1.82 3.1 1.01 
       
H1 187.9 58.5 60.8 3.1 0.97 
H2 159.1 55.2 58.5 2.7 0.94 
 
DL10C 
H3 8.79 2.37 2.21 4.0 1.07 
       
H2 181.6 63.5 67.3 2.7 0.94 DL10D 
H3 13.9 4.03 3.93 3.5 1.03 
 
*With neat polysulfone as outer layer and tested under 5atm and 35oC;  
Other fibers’ testing conditions: 2atm, 35oC.  
 
 
In spite of the decrease in permeance, the selectivity ranging from 0.93 to 1.07 in Table 
7.5 suggests that the hollow fibers still have a gas transport mechanism based on 
combined Knudsen diffusion and solution diffusion. A reasonable assumption is that the 
heat treatment of H1 to H3 can not change the whole outer layer into a completely dense 
structure due to 1) the initially fully porous structure and completely loose contact 
between the particles and polymer and 2) the unfavorable interaction between the nano-
particles and the PSF. The examination of the performance of fiber DLA which has a neat 
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PSF outer layer in Table 5 may help us better understand these explanations. After 200oC 
thermal treatment, these fibers have obtained an O2/N2 selectivity of 4.1 which is slightly 
lower than the intrinsic property of neat PSF dense film (Mohr et al, 1991; Aitken et al., 
1992), but much higher than that of the un-coated mixed matrix hollow fibers. This 
observation implies that the neat asymmetric PSF outer skin has transformed into a 
completely homogeneous and almost defective free structure; while the addition of 
particles makes the outer layer of MMM dual-layer fibers be featured with a defective 
structure (which is mainly from the polymer/zeolite interface) with low permeance.   
 
 
Fig. 7.4. SEM of a typical surface of the mixed matrix  hollow fibers after heat 
treatment at 200oC for 2 hours (the right picture is the magnification of the left one). 
 
 
As shown by Fig. 7.4 of a typical surface of fibers heat treated at 200oC for 2 hours, there 
are still some defects existing on the surface. A further examination of Fig. 7.3 confirms 
that the outer layer even undergoing annealing at 200oC for 2 hours still have a “sieve in 
cage morphology” which is characterized of MMCM with low selectivity (Mahajan, 
1998). It is reasonable to argue that the gas molecules will go through the bypass created 
by these interfacial defects leading to low selectivity. 
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 7.3.3 The effects of surface coating on separation performance  
 
7.3.3.1 The two-step coating 
 
The gas separation performance of all the fibers processed with coating approach C is 
given in Table 7.6.  
 
Table 7.6. Hollow fiber separation performance as a function of heat treatment  
after coating  and different coating approaches. 
Permeance (GPU) Selectivity Fiber ID Heat  
treatment 
He O2 N2 He/N2 O2/N2
DLA# H3 1.27 0.102 0.0183 69 5.6 
H3 2.13 0.169 0.0261 81 6.5 
DL10B 
H3** 2.68 0.274 0.0529 51 5.2 
H2 25.4 2.87 1.09 23 2.7 
H3 3.78 0.302 0.0494 77 6.1 
 
DL10D 
H3* 4.22 0.402 0.0755  56 5.3 
 
# With neat polysulfone as outer layer; *used the coating process A;  
** used the coating process B; For all other samples, used the two-step  
coating process C. Testing conditions: 5atm, 35oC. 
 
 
Obviously, the heat treated mixed matrix hollow fibers after coating obtain increased 
selectivity and the decreased permeance compared to uncoated ones. To make a sensible 
judgment, the performance of the mixed matrix hollow fibers after coating is compared 
with that of the fibers in the control group (fiber DLA in Table 7.6) which has a neat PSF 
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outer layer and was coated in the same way, instead of intrinsic gas permeation properties 
of dense films reported elsewhere (Mohr et al., 1991; Aitken et al., 1992). It is perceived 
that the mixed matrix hollow fibers annealed at 200oC for 2 hours (H3) have He/N2 and 
O2/N2 selectivity higher than that of fibers with a neat PSF outer layer shown in Table 7.6. 
For example, the He/N2 and O2/N2 selectivity for fiber DL10B is 81 and 6.5 which is 
around 17 % and 16% superior to 69 and 5.6 of the control, respectively.  
 
To understand whether the improvement in selectivity and depression in permeance are 
partially derived from the caulking of the inner Matrimid layer (200oC heat treatment) by 
the coating materials, permeance tests were performed on the inner Matrimid layer. The 
inner layer was taken out from the as-spun dual-layer hollow fiber because the outer layer 
is quite loose and can be easily stripped out before annealing. Then the inner layer was 
heat treated at 200oC for 2 hours, coated using the two-step method in the experimental 
part and tested. Table 7.7 shows a performance comparison of the dual-layer hollow fiber 
and the inner Matrimid hollow fiber. Before heat treatment, the inner Matrimid layer 
shows high permeance; after heat treatment, the permeance is depressed slightly. Though 
after coating, the permeance has decreased in a great degree, the selectivity of around 2 is 
significantly lower than the high value of around 6 for the PSF/zeolite-beta/Matrimid 
dual-layer hollow fibers. Therefore, it can be safely concluded that the selectivity 
enhancement is mainly due to the outer layer performance. Firstly, the coating has 
successfully sealed the polymer zeolite interfacial defects, so that the gas molecules will 
go through the zeolite pores and the polymer matrix; secondly, zeolite beta is selective for 
the transport of O2 over that of N2. The depressed premeance may result from the 
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rigidification of polymer chains (Mahajan, 1998; Vu et al., 2003a; Li et al., 2005).   
 
Table 7.7. The performance comparison of the dual-layer hollow fiber  
and the inner Matrimid layer. 
Permeance (GPU) Selectivity Fiber ID Heat  




/ / 1075 1156 / 0.93 1 
H3 13.9 4.03 3.93 3.5 1.03 2 





DL10D        
/ / 1414 1520 / 0.93 1 
H3   1087 1144 / 0.95 1 
Inner 
Matrimid layer 
from DL10D H3+coating 18 2.43 1.20 15 2.0 5 
 
The two-step coating process C is applied. Testing temperature: 35oC. 
 
However, for the fibers conditioned at temperatures lower than 185oC (H2), the coating 
fails to improve the selectivity to a desirable degree. The selectivity of fiber DL10D (H2) 
is around 23.3 and 2.7 for He/N2 and O2/N2, respectively. Possibly, most of the zeolite-
polymer interface can not be narrowed to a curable degree under these treatment 
conditions.  
 
7.3.3.2 Comparison of different coating approaches 
 
The above observation makes the point that the two-step coating is effective in improving 
the selectivity without much sacrifice in the permeance for the fast gases. It is helpful 
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here to make a comparison between the performances of fibers coated with silicon 
rubbers only (i.e., coating processes A & B) and those with the two-step approach 
involving two chemicals (i.e., coating processes C). The separation performance of these 
fibers is summarized in Table 7.6. The fibers coated only with silicon rubber have O2/N2 
selectivity of 5.2 to 5.3 and He/N2 selectivity of 51 to 56. It could be argued that the one-
step coating approaches can also seal the hollow fiber surface, but are inferior to the two-
step one.  Two factors may give rise to the difference. Firstly, the defects between 
particles and the polymer are still beyond the healing range of mere silicon rubber coating; 
or secondly, the hydrophobic silicon rubber may partially detach from the surface of the 
hydrophilic zeolite. The introduction of the reactive chemicals prone to form some stable 
structures between the particles surface and the polymer matrix might help to tighten the 
hollow fiber surface structure as well as trap the silicon rubber in the gaps more 
effectively.   
 
The feasible interactions among the chemicals in the coating solutions, the zeolite 
particles, and the PSF are drawn in Fig. 7.5. Since the zeolite and PSF contain hydroxyl 
and sulfone groups, respectively, it is thought that the amines in the 
diethyltoluenediamine could induce the hydrogen bonding with the hydroxyl and sulfone 
groups. Besides the hydrogen bonding, the 1, 3, 5-benzenetricarbonyl chloride may react 
with the amine producing an amide group. Consequently, the network resulted from these 
two reactions help to narrow the gap between the particles and the polymer, which can 




Fig. 7.5. The interaction among the zeolite particles, chemicals in the coating 
solutions and PSF. The arrows indicate the sites possibly forming hydrogen bonding 
with aminegroups in the other molecules. 
 
Fig. 7.6 represents the FTIR-ATR spectra for the original and coated PSF membranes (i.e., 
after diethyltoluenediamine and 1,3,5-benzenetricarbonyl chloride coating). For the 
uncoated neat polysulfone membrane, the band at 2964 cm-1 is associated with the C-H 
stretching of the methyl groups. The strong reflectance in 1588 to 1500 cm-1 is related 
with the benzene ring stretching mode. The sulfone bands are observed at 1152 cm-1. 
Asymmetric C-O stretching frequencies occur at 1242 cm-1 and 1014 cm-1.  These 
observations are in accordance to the work by Mohr et al. (1991) and Kapantaidakis et al. 
(1996). After coating, the IR-spectrum is observed to exhibit some changes. The band at 
2964 cm-1 representing the C-H stretching remains almost unchanged because the coating 
also introduces methyl groups containing the C-H on the membrane surface. The peaks 
related to the aromatic ring locating at 1588 cm-1 and 1500 cm-1, the peaks associated 
with sulfone at groups around 1152 cm-1 and those with C-O stretch at 1014 cm-1 and 
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1242 cm-1 have all decreased in intensity which may reveal a thin layer of other material 
has been coated on the membrane surface.  The new peak near 1721 cm-1 may be 
contributed by the function groups in the 1, 3, 5-benzenetricarbonyl chloride. However, 
due to the quite low concentration of these two chemicals in the coating solution, the 
supposed C=O and N-H stretches in the amide group can not be detected near their 
characteristic regions of 1648cm-1 and 1534cm-1, respectively. 














Wave number (cm-1)  
 
Fig. 7.6. IR spectra of polysulfone membranes before and after coating 
(left: high wavenumber region; right: low wavenumber region). 
 
Though the three coating approaches can all enhance the selectivity in various degrees, a 
further check of the data in Table 7.6 may tell some other information: 1) the permeance 
experiences a big slide after coating; 2) fibers after one-step coating have little bit higher 
permeance than that after two-step coating. In addition to the effects of chain 
rigidification and substructure resistance on permeance as discussed in the previous 
section, the big drop in permeance may be related to coating solution intrusion (Chung, 
1996; Chung, 1997b). For an inherently low permeability material, the intrusion of 
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silicone rubber coating into the membrane defects may result in a significant decrease in 
apparent permeance (Chung, 1997b). Because the chemicals, diethyltoluenediamine and 
1, 3, 5 benzenetricarbonyl chloride have molecular dimensions around 10Å in the 
solutions and they may easily penetrate through the defects deeply into the hollow fiber 
under vacuum. Upon heat treatment, they react and seal defects within the selective layer 
and block other transport channels underneath the selective layer. Therefore, the 
permeance is lower while selectivity higher for these fibers. 
                                                                                                                                                                        




Fig. 7.7. SEM of the cross-sectional view of the hollow fibers after heat treatment at  




Fig. 7.7 shows the partial cross-sections of the hollow fibers heat treated at 200oC. By 
adjusting the outer layer flow rate or increasing the air gap (i.e., draw ratio) during the 
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spinning, the resultant heat-treated membranes with thicknesses varying from around 1.5 
to 12 µm have been produced. 
 
 
Fig. 7.8. He, O2, N2 permeance as a function of the outer layer thickness for the  







Fig. 7.9. He/N2, O2/N2 selectivity as function of the outer layer thickness for  




The He, O2 and N2 permeance of all the fibers processed with 200oC for 2 hours (H3) as a 
function of outer layer thickness is plotted in Fig. 7.8 and 7.9. It clearly indicates that the 
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thicker outer layer leads to a lower permeance; while all the selectivity is around 0.94 and 
1 independent of outer layer thickness.  
 
For the fibers heat treated at 200oC for 2 hours and coated with the two step approach, 
their permeance and selectivity are also plotted as a function of outer layer thickness in 




Fig. 7.10. He, O2, N2 permeance as a function of the outer layer thickness for 
the fibers heat treated at 200oC for 2 hours after coating  
(Dashed line: the permance trend by exptraplating the three points forming linear 
relationship;  
Solid line: the real permeance trend from experimental data) 
 
 
A strong dependence of permeance on the outer layer thickness can be observed; by 
decreasing the thickness from 9 µm to around 1.5 µm, the permeance increases from 
around 0.17 to 0.30 GPU for O2; while the selectivity only varies in a narrow range 
between 6.5 to 6.1 for O2/N2 and 81 to 77 for He/N2. The almost linear decay relationship 
for the first 3 data points (i.e., dotted line shown in Fig. 7.10) between the outer layer 
thickness and the permeance may partially prove that the resistance to the gas transport 
through the hollow fibers is mainly provided by the outer layer. Nevertheless, the upward 
trend of permeance and downward trend of selectivity at a thicker outer layer indicates 
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the outer layer has an asymmetric structure as pointed out by Li et al (2002) and Jiang et 
al (2004), and there may be a strong substructure resistance inside the outer layer (Pinnau 
and Koros, 1991a).  
 
 
Fig. 7.11. He/N2 and  O2 /N2 selectivity for the fibers heat treated at  
200oC for 2 hours after coating. 
 
 
7.3.5 The performance of the hollow fiber at different temperatures 
 
The permeation properties of pure O2 and N2 through both the dense PSF membrane (cast 
from NMP) and an asymmetric hollow fiber were investigated and compared in the range 
from 35oC to 55oC. The temperature dependence of the permeability or permeance 
follows the Arrehenius equation: 
P=P0 exp (-Ep/RT)    (Eq. 7.1)                      
in which, the P0 is the pre-exponential factor; Ep is the activated energy of permeation. 
The plot of permeability or permeance vs. the 1/T in Fig. 7.12 implies that the Arrhenius 
relationship correlates well with permeation properties of the gases in both membranes; 
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the permeability or permeance increases with increasing testing temperature. It is also 
found that the selectivity decreases gradually with increasing permeation temperature.  
 
 
Fig. 7.12. Gas permeation vs. inverse temperature in the pure PSF  
dense  film (a) and the dual-layer mixed matrix hollow fibers (b).  
 
 
The activation energy for O2 and N2 calculated according to Eq (1) using these data is 
shown in Table 7.8. For N2, the activation energy is almost the same for both membranes; 
however, the activation energy for O2 is much smaller of the mixed matrix membrane 
than that of dense PSF. This strongly suggests that the energy barrier for O2 permeation 
through the membrane has been reduced by incorporating the zeolite beta particles into 
the PSF matrix; hence the selectivity for O2/N2 has been improved.  However, the 
membrane separation mechanism is quite complicated; whether the expedited process for 





Table 7.8. Comparison of the activation energy of the gas permeation. 
  Pure PSF dense film Ep (KJ/mole) Dual-layer MMCM Ep (KJ/mol)
O2 21.3 18.5 





Dual layer hollow fibers with a mixed matrix selective layer have been successfully 
fabricated by combining the traditional heat treatment and a coating approach. The 
following conclusions can be drawn from this work:  
 
(1) Due to the unfavorable interaction between the zeolite beta and PSF, the as spun 
hollow fibers and those after heat treatment at 200oC have a defective outer layer. 
The gas transport through the resultant hollow fibers is controlled by Knudsen 
diffusion. However, heat treatment can efficiently narrow the pore size to the 
range that can be cured by silicon rubber coating.  
(2) Several coating methods are tested to seal the outer layer defects after heat 
treatment. Experimental results prove the two-step coating efficient. The addition 
of chemicals containing amine groups and carbonyl chloride groups into the 
coating solutions may induce some chemical linkage between the zeolite and the 
polymer that form the outer surface of the hollow fibers and seal the defects.  
(3) A control group of hollow fibers using neat PSF outer layer has been heat treated 
and coated in the same way as the mixed matrix hollow fibers. Comparison of 
these two kinds of hollow fibers shows that mixed matrix hollow fibers after the 
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two-step coating have higher selectivity due to the addition of the zeolite particles. 
The possibility that the thermal healing and subsequent caulking of the inner 
Matrimid layer lead to the enhanced selectivity has been removed.  
(4) By changing the outer layer dope flow rate as well as the air gap during the 
spinning, the hollow fibers can obtain a very thin outer layer thickness of 1.5 µm. 
It is found that the permeance and the selectivity both depend on the outer layer 
thickness. An optimum thickness of the mixed matrix layer may exist for the 
effective coating in improving the selectivity.       
(5) The comparison of the performance between the neat PSF dense film and the 
mixed matrix hollow fibers under different temperatures indicates that the 
addition of zeolite beta particles into the polymer matrix can bring down the 













CHAPTER EIGHT  
 
A NOVEL APPROACH TO FABRICATE MIXED MATRIX HOLLOW FIBERS 
WITH SUPERIOR INTIMATE POLYMER/ZEOLITE INTERFACE  




The previous research on the mixed matrix membranes has pointed that the 
polymer/zeolite interface defects was detrimental to the membrane performance. Thermal 
treatment, silane coupling agents, integral chain linkers and polymer coating on the 
molecular sieve surface were adopted to promote adhesion between the rigid polymer 
chains and molecular sieve surface (Rojay et al., 1990; Boom, 1994; Duval, 1994; Yong 
et al., 2001; Pechar et al., 2002; Kulkarni et al., 2003; Vu et al., 2003a). For example, 
Kulkarni et al. reported in patent (2003) that MMMs with silane modified zeolite H-SSZ-
13 dispersed in the Ultem matrix exhibited selectivity of 10.4 to 10.8 for O2/N2 separation 
(the selectivity of neat Ultem for O2/N2 separation is 7.8). For Matrimid-zeolite MMMs, 
Yong et al. (2001) introduced a compatibilizer 2, 4, 6-triaminopyrimidine (TAP). It was 
postulated that hydrogen bonding induced between TAP and 4A as well as TAP and 
Matrimid helped form void-free membrane. Results showed that CO2/N2 and O2/N2 
selectivity of Matrimid-4A-TAP membranes increased around three fold compared with 
pure Matrimid membranes. Boom et al. (1994) proposed coating of zeolite particles in 
dilute solutions with a monolayer of polymer, yet no experiments were reported. Vu et al. 
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(2003a) fabricated MMMs with a rigid polyimide, Matrimid 5218 (Tg =302oC), and 
CMS particles. The process of polymer coating on the CMS surface help to remove the 
interface defects and the resultant MMMs had both improved permeability and selectivity 
for O2/N2 and CO2/CH4 separation.  
 
In this work of fabricating hollow fibers with mixed matrix skin, efforts were made to 
overcome the most challenging issue of interface defects in inorganic/organic mixed 
matrix membranes. A novel approach of p-xylenediamine/methanol solution soaking was 
proposed as a supplementary method of thermal annealing and surface coating carried 
out in Chapter 7 to yield a defect-free mixed matrix structure more efficiently. The 
performance of the hollow fibers with different treatment was also compared in this work.  
 




The materials for the mixed matrix hollow fibers are completely the same as those in 
Chapter 7. P-xylenediamine and methanol for treating hollow fibers were purchased from 
Tokyo Chem. and Merck, respectively.  
 




Preparation of the homogeneous Matrimid solutions were based on methods reported in 
Chapter 6. For the heterogeneous polymer solution containing particles, some 
modifications were made. Before spinning, the heterogeneous dope was removed to the 
pump right after stirring and then vacuum degassed for 2 hours. Table 8.1 shows the 
compositions of dopes for dual-layer hollow fibers.  
 
Table 8.1. Dope compositions for the dual-layer mixed matrix hollow fibers. 
Solvent Polymer  
concentration





















 (wt. %)  
OL0 PSF NMP / 37 / / 
OL1 PSF NMP  / 30 Beta 10 
OL2 PSF NMP / 30 Beta 20 
OL3 PSF NMP / 30 Beta 30 
       
IL Matrimid NMP/EtOH 4/1 23 / / 
       




The zeolite loading is expressed in weight percent by following equation: 
100× weight of zeolite/ (weight of zeolite + weight of polymer) (Eq. 8.1) 
 
The polymer solutions used for obtaining the outer layer and inner layer were referred to 
as OL and IL, respectively. EtOH was added as the nonsolvent in the inner layer to 
increase bulk porosity in the substrate layer. 
 
Hollow fiber spinning 
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Dual-layer hollow fibers were spun according to the procedure described in Chapter 6. 
Details of spinning conditions and parameters were summarized in Table 8.2. By 
reducing the outer layer flow rate (while maintaining other spinning conditions constant), 
the outer layer thickness can be reduced (Jiang et al., 2005b).  
 
Table 8.2. Spinning parameters for the dual-layer mixed matrix hollow fibers. 




Outer layer flow rate (cc/min) 0.12 0.8 0.6  0.8        
Inner layer flow rate (cc/min) 0.8 0.8 
Bore fluid flow rate (cc/min) 0.3 0.3 
Air gap (cm) 0 6 
Take up rate (m/min) Free draw 
Coagulant temperature (oC) 25 
Spinneret temperature (oC) 25 
 
 
8.2.3 Post-treatment of as-spun hollow fibers and coating 
 
Post-treatment combining chemical and thermal approaches were implemented to 
improve the hollow fiber separation performance. The flow chart of post-treatment and 
coating procedures is shown in Fig. 8.1.  
 
At first, the as-spun fibers after solvent exchange were immersed in the p-
xylenediamine/methanol solution (2.5/100 w/v) for 1 hour; secondly, the soaked fibers 
were taken out, rinsed in methanol for a few seconds, and then dried on filter paper in air 
for 1 day; thirdly, these fibers were annealed at 200oC for 2 hours to transform the porous 
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structure of the outer layer into dense structure. The fibers processed with these three 
steps were made into modules and tested according to previous work (Jiang et al., 2005b). 
Thereafter, they were coated by a two-step method as shown in Fig. 8.1. Each step of 
coating was conducted by dip coating the fiber when applying vacuum from the fiber 
lumen for 30 minutes. Afterwards, the fibers were annealed at 100oC for 2 hours and 
immediately mounted onto a permeation cell for gas separation test. The heat treatment 
processes were all performed in a precision high-temperature programmable furnace 
(Centurion TM Neytech Qex) under vacuum. For comparison, fibers without p-
xylenediamine/methanol treatment were also thermal treated and coated in exactly the 




Fig. 8.1. Flow chart of the p-xylenediamine/methanol solution soaking,  




8.2.4 Characterization         
              
XRD was performed according to Chapter 3. The pure gas permeation was measured by a 
constant volume method described in chapter 3 and 6.  
 
8.3 RESULTS AND DISCUSSION 
 
8.3.1 Morphology of the as-spun hollow fibers 
 
The typical morphology of the as-spun hollow fibers is shown in Fig. 8.2. Fig. 8.2(A1) 
illustrates the cross-section including the whole outer mixed matrix layer and partial inner 
layer; Fig. 8.2(B1) demonstrates a general outer surface morphology. The graphs of the 
cross-section in Fig. 8.2(A1) show that both the inner layer and outer layer are porous 
and the particles in the outer layer are uniformly dispersed in the PSF matrix.  
 
Several types of polymer/particle contact can be identified in the cross-section shown in 
Fig. 8.2(A2). Within the thin layer of around 1 µm thick at the hollow fiber’s outermost 
surface, the particles indicated by circle 1 have partial defect-free attachment with the 
surrounding polymer structure; while other portion of the particle is surrounded by 
obvious interface voids. In the phase-inversion process during the hollow fiber spinning, 
the outer part of the solution in direct contact with water coagulant may be vitrified 
instantly; the relatively dense structure thus formed may tighten around the particles. 
After solvent exchange, polymer chains may partially pull away from the particle surface 
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due to relaxing and shrinking if there is no covalent bonding between the organic and 
inorganic materials. In addition, the polymer matrix itself does not form an observable 
dense layer. Subsequently, a continuous defect free outer skin cannot be obtained. 
 
 
Fig. 8.2. SEM of the outer layer partial cross-section and surface of the as-spun 





In the substructure progressing from the shell side to the bottom side of the outer layer, 
there is a gradual increase in the size of the pores as shown in Fig. 8.2(A2), and the 
particles located in this part indicated by circle 2 are almost all entrapped inside the pores 
or the polymer-lean phase. It can be found in Fig. 8.2(B1), the particles’ distribution on 
the outer surface is homogeneous; nevertheless, in the graph with a higher magnification 
as shown in Fig. 8.2(B2), polymer/zeolite interface defects of tens of nano-meters have 
been detected. The previous study (Jiang et al., 2005b) clearly revealed that these as-spun 
 Scale bar  1 µm Scale bar 100 nm 
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Mixed  matrix  
outer layer 













fibers had quite low separation property even after coating and heat treatment was a 
necessary procedure to obtain acceptable performance.  
 
8.3.2 Morphological changes with different post-treatment procedures  
 
Heat treatment is an efficient approach to perfect and densify the selective skins and 
minimize the surface defects (Gollan, 1987; Bikson and Nelson, 1989; Chung, 1996). In 
this study, all the fibers were annealed at 200oC under vacuum according to the procedure 
shown in Fig. 8.1. 200oC is higher than the Tg of PSF; therefore, it is reasonably expected 
that the rubber state above PSF’s Tg will make the polymer chain quite flexible, thus 
surrounding the particle easily and decreasing or even removing the various defects. In 
addition, for phase separated hollow fibers with mixed matrix skins encapsulating 
zeolites, the non-solvent trapped inside zeolite pores during membrane fabrication and 
post-treatment may also be more thoroughly removed by heat-treatment at high 
temperatures. Consequently, the zeolites can be really involved in the separation process.  
 
The SEM graphs in Fig. 8.3 shows the morphology of the fibers heat treated at 200oC, 
which partially confirm the assumptions. The outer layer in Fig. 8.3 is quite dense in 
contrast with that in Fig. 8.2. Furthermore, the outer layer thickness (ranging from 1.5 to 
12 µm) after thermal treatment decreases with either decreasing outer layer dope flow 
rate and/or increasing air gap during spinning.  
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Fig. 8.3. SEM of the cross-sectional view of the hollow fibers DL3 (20 wt. % zeolite 
loading) after heat treatment at 200oC: (A) DL3A ; (B) DL3B; (C) DL3C; (D) DL3D 
(referring to the spinning conditions in Table 2) 
 
 
8.3.2.1 Effect of thermal treatment on the hollow fiber morphology 
 
Fig. 8.4 shows several different morphologies of the cross-section are observed in the 
hollow fibers with only heat treatment. The fibers in Fig. 8.4 have an average outer layer 
thickness of around 1.5 µm. Even though all the fibers are heat treated with the same 
procedure, the morphology still exhibits an obvious instability. SEM images in Fig. 8.4(A) 
shows a well-developed mixed matrix structure in which the polymer attached tightly to 
the particles’ surface, and the whole outer mixed matrix layer is homogeneous. It is 
noticed in Fig. 8.4(B) that the outer layer is homogeneous; nevertheless, many obvious 
nano-sized polymer/particle interface voids exist. One extreme case is illustrated in Fig. 
8.4(C) of which the outer layer still possesses some big polymer-zeolite interface voids 
near the inner side, and the whole outer layer is rough. In these three types of 
(C) (D) 
Scale bar 10 µm Scale bar  10 µm 
(A) (B) 
Scale bar  Scale bar 10 µm 10 µm 
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morphologies, the one in Fig. 8.4(C) is least observed. It is known that only when the 
outer layer is almost homogeneously dense with a defect-free structure which 
corresponds to the Fig. 8.4(A), can the selectivity of this layer be possibly improved due 
to the mixed matrix effect (Boom, 1994). The complicated outer layer structure may give 
rise to some unpredictable performance of these hollow fibers after coating.  
 
(A) 
The particle/polymer  
interface and polymer  
 in good conditions 
structure are both 
 
Fig. 8.4 Mixed matrix outer layer structure of the dual-layer hollow fibers DL3 (20 
wt. % zeolite loading) without p-xylenediamine solution treatment. 
 
The undesirable morphology in Fig. 8.4(B) has something in common with the 
observations in mixed matrix flat sheet membrane (Boom, 1994; Duval, 1994). Even 
though above Tg heat treatment can help the polymer chains surround the zeolite surface 
The particle/polymer  
interface voids are  
major defects 
The initial porous  
structure of PSF has  
not been completely  
transformed into  
dense structure 
Scale bar 1 µm 
(B) 
(C) 
Scale bar  1 µm
Scale bar  100 nm
Scale bar  1 µm 
Scale bar  100 nm
Scale bar  100 nm
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more easily, the non-covalent bonding between the two phases probably can not 
completely prevent the detachment during annealing. Another factor is that the outer 
layer is originally porous and most particles just loosely attach to the polymer (Fig. 
8.2(A2)). 2 hours’ soaking at 200oC may not be long enough to transform the initially 
defective outer structure into a fully dense structure; instead, the structure in Fig. 8.4(C) 
appears.  Another possible cause for the situation in Fig. 8.4(B) and Fig. 8.4(C) may be 
resulted from the slightly different hydrophilicity for bulk polymer and zeolite; as a result, 
the polymer can not fully wet the particles.  
 
                 1 µm Scale bar  
 
Fig. 8.5. SEM graphs and separation performance the dual-layer hollow 
fibers DL2D (20 wt. % zeolite loading) heat treated at 200oC for 6 hours  
(The graph on right is taken with a higher magnification). 
 
To verify whether prolonging the thermal soaking time is efficient in getting a less 
defective polymer/zeolite mixed matrix structure, several fibers are heat treated at 200oC 
for 6 hours, the morphology is shown in Fig. 8.5. Obviously, the big defects in the inner 
side of outer layer have been largely removed; however, the prolonged heat treatment at 
high temperatures may seriously densify the Matrimid layer structure and lead to an 
undesirable resistance to gas transport. The performance of these fibers will be discussed 
in the next section.  
1 µm Scale bar 
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8.3.2.2 Effect of combined p-xylenediamine/methanol soaking and thermal 
treatment on hollow fiber morphology 
 
The observation in the previous section implies that in addition to thermal treatment, 
novel approaches are necessary to compact the polymer and particle contact and make the 
outer layer structure homogeneous. Priming the sieves with a compatibilizer may be 
helpful in enhancing the sieves and polymer adhesion. In previous studies, the priming 
process was either carried out before membrane fabrication (e.g. silane modification) or 
by co-mixing the primer within the casting solutions (Vankelecom et al., 1996; Pechar et 
al., 2002; Vu et al., 2003a; Kulkarni et al., 2003). In this study, the priming process was 
taken out after hollow fibers formation and solvent-exchange. The cross-section 
morphology of hollow fibers with p-xylenediamine/methanol soaking and thermal 





Fig. 8.6. Effect of p-xylenediamine solution treatment on the structure of mixed 
matrix outer layer: (A) OL1-D (no zeolite); (B) OL2-D (10 wt. % zeolite loading); 
(C) OL3-D (20 wt.% zeolite loading); (D) OL4-D (30 wt. % zeolite loading). 
(A1 (B1
(A1) (B1) (C2) (D1) 
1 µm Scale bar  1 µm 1 µm 1 µmScale bar  
Scale bar  1 µm 
(A2) (D2(B2) (C2)
Scale bar  1 µm Scale bar  1 µm
Scale bar Scale bar  
(D2) 
1 µmScale bar  
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Fig. 8.7 shows the outer layer mixed matrix structure at an even higher magnification for 
fibers with 30 wt. % zeolite loading.   
 
(A) (B) 
                                    1 µmScale bar 
Fig. 8.7. Comparison of the cross-section of outer mixed matrix layers  
(30 wt. % zeolite loading) with (A) and without (B) p-xylenediamine/ 
methanol solution treatment. 
 
 
Comparison between the fibers (Fig. 8.7(A)) with and without p-xylenediamine solution 
treatment (Fig. 8.7(B)) reveals that the former ones have much tighter polymer-zeolite 
contacts and more homogeneous structure even at zeloite loading of 30 wt. %. It is 
postulated that the –NH2 of the p-xylenediamine forms the hydrogen bonding with the 
OH groups on the zeolite surface and the sulfonyl oxygen or aryl ether groups in the PSF 
simultaneously, thus tightening the attachment of the two phases as can be seen in Fig. 
8.6. The feasible interaction of p-xylenediamine with zeolite and PSF is given in Fig. 8.8. 
Another observation with these fibers (Fig. 8.6)is that the structure of the whole outer 
layer was completely dense and the morphology in Fig. 8.4(C) no longer exists. Possibly 
explanation is that the methanol soaking may relax the polymer chains which may be 
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conducive to the polymer adhesion to the zeolite surface during heat treatment. In 
addition, the simultaneous attachment of the p-xylenediaime to the bulk polymer and 
particle surface may help the two phases obtain more similar physical properties; 
consequently, the polymer can wet the particle more easily. The physical analysis of 
hollow fibers with different post-treatment procedures will be discussed in following 
sections.  
 
Fig. 8.8. Mechanism of p-xylenediamine priming and possible structure.  
 
8.3.3 Pure gas permeation properties as a function of post-treatment procedures and 
zeolite loading 
 
The relationship between selectivity vs. permeance of hollow fibers with around 1.5 µm 
thick outer layer is plotted in Fig. 8.9. These fibers have been heat treated at 200oC but 
without p-xylenediamine/methanol pre-soaking.  
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 Fig. 8.9. Various separation performance of the mixed matrix hollow fibers  
with heat-treatment at 200oC (Fiber DL2D): (A), (B) & (E) selectivity near  
neat PSF /Matrimid hollow fiber; (C) & (D) selectivity lower than neat  
PSF/Matrimid hollow fiber.  
(A)-(D) 2 hours at 200oC; (E) 6 hours at 200oC. Testing condition: 5 atm, 35oC. 
 
 
The performances both before and after the two-step coating are shown in one graph. 
Before coating, the permeance ranges from 1 to 9 GPU and the highest selectivity is only 
1.5 for O2/N2 separation which is significantly inferior to intrinsic property of PSF 
material (Mohr et al., 1991; Aitken et al., 1992). After the two-step coating, the 
permeance is appreciably brought down for all the fibers; however, the selectivity does 
not necessarily increase uniformly. Module A with a permeance of 4 GPU and selectivity 
of only 1 obtained a selectivity of 6.2 after coating. However, for other three modules, the 
selectivity is just around or much lower than 6.2. For module C, the selectivity before and 
after coating are 1 and 4 respectively; for module D, they are 1.5 and 2.6, respectively. 
By comparing with neat PSF/Matrimid hollow fibers reported in previous work, the point 
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can be made that selectivity of these mixed matrix hollow fibers can be improved to be 
higher than that of neat PSF membrane; the mechanism for improvement will be 
discussed later. The assorted morphologies of the outer layer structure in Fig. 8.4 can 
fundamentally explain the transport performance fluctuation after the two-step coating.  
 
                   
 
Fig. 8.10. The outer layer cross-section morphology before and after coating for the 
fibers without p-xylenediamine/methanol solution soaking: 
(A) Fiber DL3C (20 wt. % zeolite loading); (B) Fiber DL4D (30 wt. % zeolite 
loading); (1) before coating; (2) after coating. 
 
 
Fig. 8.10 exhibits the morphology of the hollow fiber cross-section before and after 
coating. Surprisingly, the initial structure with a jagged, irregular morphology and 
observable polymer/zeolite interface voids become completely defect free and smooth 
after coating.  
 
This transformation indicates that the two-step coating materials can fill the voids and 
pinholes effectively. However, the gas separation property of the filling material as a third 
(A2) 
(B1) (A1) (B1) 
Scale bar  1 µm Scale bar  1 µm 
(B2) 
(B2) 
Scale bar 1 µmScale bar  1 µm
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phase in MMM will be involved in the overall performance of the membrane as pointed 
out by Boom et al. (1994) and Vu et al. (1994). Since silicon rubber has relatively low 
selectivity and very high permeability, if interface voids and pinholes are big and exist in 
great amount as shown in Fig. 8.4(B) and Fig. 8.4(C), the coating material (silicon rubber) 
will dominate as a third phase in the outer layer, and the gas penetrant will go through 
this by pass instead the mixed matrix; subsequently, the selectivtity can not be improved 
(module C and D in Fig. 8.9); while if only a very small portion of defects exist, the role 
of filling/coating material won’t overtake the function of the bulk mixed matrix material 
(module A and B in Fig.8.9). For fiber E with prolonged heat treatment, the permeance 
was seriously depressed probably due to the densification of the inner layer at prolonged 
thermal treatment. The following two sections will discuss the performance of the hollow 
fibers with p-xylenediamine/methanol treatment. 
 
 
8.3.3.1 Hollow fiber performance before coating 
 
As discussed in the previous section, the soaking of hollow fibers in the p-
xylendiamine/methanol solution will help to achieve better cross-section morphology, 
especially the polymer and zeolite interface. The morphology of the outer surface of the 
dual-layer hollow fibers is displayed in Fig. 8.11. For fibers without this p-
xylenediamine/methanol soaking, the particle and polymer phases still have a distinct 
boundary as shown in Fig. 8.11(A1) and Fig. 8.11(A2); while by applying both the p-
xylenediamine/methanol solution soaking and heat treatment, the distinct boundary was 
not observed as observed in Fig. 8.11 (B1) and Fig. 8.11 (B2) instead. 
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Fig. 8.11. Outer surface morphology of the hollow fibers with and without p-
xylenediamine/methanol treatment: (A) without p-ylenediamine/methanol 
solution treatment for fiber DL3D (20 wt. % zeolite loading; (B) with p- 




Fig. 8.12. The performance of the mixed matrix hollow fibers: with p-
xylenediamine/methanol soaking, heat treated at 200oC for 2 hours.  
Testing condition: 5 atm, 35oC. 
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The selectivity vs. permeance relationship for the uncoated hollow fibers is described in 
Fig. 8.12. For comparison, the performance for fibers without p-xylenediamine/methanol 
soaking is also plotted. The permeances of the fibers without p-xylenediamine/methanol 
treatment are almost all higher than 1 GPU, while selectivities move around 1 for both 20 
and 30 w. % loading of particles in the polymer matrix. By implementing p-
xylenediamine/methanol soaking before heat treatment, the permeances of the all the 
fibers are less than 1 GPU, and selectivity can reach as high as around 3 even without 
coating to seal some big defects. The selectivity being much superior over Knudsen 
diffusion suggests an appreciably less defective structure which might be due to the 
polymer-particle defects removal inside the outer layer by p-xylenediamine priming. 
 
8.3.3.2 Hollow fiber performance after 2-step silicon rubber coating 
 
Fig. 8.13 and Fig. 8.14 compare the pure gas permeation data (permeance and selectivity) 
of the heat-treated dual-layer hollow fibers having a PSF/zeolite beta outer layer with that 
having a neat PSF outer layer. All the fibers have been coated using the two-step coating 
as shown in Fig. 8.1. With coating, the O2 permeances of the hollow fibers in Fig. 8.13 
fall in between 0.3 to 0.6 GPU and the permeance of CO2 in Fig. 8.14 lies between 1.5 to 
3 GPU. Generally, the permeance decreases with increasing zeolite loading. This 
relationship is not strictly obeyed throughout all the loadings, probably due to the trivial 
differences in the outer selective layer thickness.  
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Fig. 8.13.  O2 permeance and O2/N2 selectivity of the dual-layer mixed matrix hollow 
fibers as a function of zeolite loading after coating: with p-xylenediamine/methanol 




                         
Fig. 8.14.  CO2 permeance and CO2/CH4 selectivity of the dual-layer mixed matrix 
hollow fibers as a function of zeolite loading after coating: with p-
xylenediamine/methanol soaking, heat treated at 200oC for 2 hours. Testing 




It can also be envisioned in Fig. 8.13 and Fig.8.14, that all the fibers show sensible O2/N2 
and CO2/CH4 selectivities; moreover, the fibers with a PSF/beta zeolite outer skin has 
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substantially improved effective selectivity for these two separations. The fibers with neat 
PSF outer layer have selectivity of around 5.6 for O2/N2 (Mohr et al., 1991; Aitken et al., 
1992); with adding zeolite beta and increasing its loading to 30 wt. %, the selectivity 
reaches around 7.4 for the fibers. The selectivity of CO2/CH4 for fibers with neat PSF 
outer layer averages 24; after encapsulating zeolite beta particles inside the PSF matrix, 
the selectivity is improved to around 32 for fibers with 20 wt. % of zeolite loading, and 
39 for 30 wt. %.  
 
The pore size of zeolite beta (on plane <100>: 6.6 Å× 6.7Å; on <001> plane: 5.6 Å× 5.6 
Å) (Meier et al., 1992) is larger than the kinetic diameters of all the gases tested. At first 
glance, selectivity improvement for the two gas pairs contradicts the conventional 
proposition based on the molecular sieving effects. However, several factors may 
combine to lead to the selectivity enhancement phenomenon in this study (Moore et al., 
2005; Li et al., 2005). They are chain rigidification upon the zeolite surface and partial 
pore blockage. When good attachment between the polymer phase and particle or 
dispersed phase exists, the presence of dispersed entities can affect the fundamental 
properties of the polymer matrix. It is proposed by Eisenberg et al. that the multiplet-
clusters with anchored polymer chains behave as crosslinks in the bulk polymer 
(Eisenberg et al., 1990). In the polymer/zeolite mixed matrix structure, the mobility of a 
polymer chain in the region directly contacting the particles can be inhibited relative to 
the rest of the chains in the bulk polymer (Eisengerg et al., 1990). Upon regidification of 
polymer chains, the diffusivity of larger gas molecules may be reduced in a greater 
degree than that of smaller gas molecules. Consequently, higher selectivity in this region 
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in the vicinity of the particles may result, which will contribute to the overall 
performance of the mixed matrix structure. In this study, an intimate interfacial packing 
between the polymer and zeolite beta surface is demonstrated in Fig. 8.7(B). The good 
adhesion is derived from the strong interaction between the two phases with the help of 
the p-xylenediamine. These observations in morphology suggest that the polymer chain 
restriction is very likely to occur in the vicinity of the zeolites, resulting in higher 
selectivity.               
 
In the organic/inorganic system, polymer and zeolite adjacent to each other will also 
affect each other’s properties. One effect of significant importance is the partial invasions 
of polymer chains into the zeolite framework or the partial pore occlusion (Al-ghamdi 
and Mark, 1988; Vankelecom et al, 1994; Vankelecom et al, 1995; Mahajan, 1998; Li et 
al., 2005). In Vankelecom et al.’s study (1994), the sorption capacity of polymer/zeolite Y 
mixed matrix membrane by experiments was extremely lower than what could be 
expected theoretically from the properties of the individual polymer and zeolite materials. 
This drastic change happened in polymer when zeolite was added was explained by 
assuming a partial invasion of polymer chains into the zeolite framework and confirmed 
by the densities of the zeolite filled membranes as a function of zeolite loading. Li et al. 
(2005) found out that O2/N2 selectivity of PES-5A mixed matrix membrane higher than 
that of PES-4A mixed matrix membrane. Their explanation for this interesting 
observation is that the pore opening of 4.5 Å in zeolite 5A has been reduced to such a 
degree by the partial pore blockage, as to discriminate different molecules more 
accurately. It can also be reasonably expected that the 12-ring pores of zeolite beta may 
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be occluded by the surrounding materials, thus obtaining higher separation property. Both 
the polymer chain inhibition and zeolite pore blockage are factors that can lead to the 
lower-than-predicted permeability. This may explain why the permeances in Fig. 8.13 and 
Fig. 8.14 follow the decreasing trends with increasing zeolite loading, if the thickness of 
the selective layer is assumed to be the same.  
 
Further comparison of Fig. 8.13 and Fig. 8.14 indicates that the increment in CO2/CH4 
selectivity is more impressive than in O2/N2. This difference may be explained by a 
bigger size difference between CO2 and CH4 molecules than that between O2 and N2 
molecules. The kinetic diameters of O2 and N2 are 3.46Å and 3.64Å, respectively and 
their difference is only 0.18Å. On the other hand, the kinetic diameters of CO2 and CH4 
are 3.3Å and 3.8Å, respectively. In addition, the preferential adsoption of CO2 in the 
zeolite with mono-valence alkali cations or the affinity between CO2 and zeolite may 
provide higher sorption selectivity in these mixed matrix structure than in neat PSF 
structure (Duval, 1994; Vankelecom et al., 1994; Hasegawa et al., 2002; Li et al, to be 
submitted).  In Duval et al.’s study (1994), an increase of CO2/CH4 selectivity from 13.5 
to 35 with a MMM containing 46 vol. % zeolite KY in NBR was attributed to the affinity 
of the gas molecules for the zeolite internal surface. Recently, work by Anson et al. (2004) 
observed that incorporation of activated carbon into ABS copolymer (0.624 volume 
fraction) significantly improved CO2/CH4 selectivity from 24.1 to 50.5. The results were 
partially explained by the preferential surface diffusion of CO2 gas (more adsorbable gas) 
over the CH4 gas (less adsorbable gas).  
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8.3.4 Physical characterization of the mixed matrix hollow fibers and zeolite beta 
particles 
 
XRD experiments were performed to get insight into the physical changes taking place 
for the fibers processed with the p-xylenediamine/methanol solution and heat treatments 
(Shao et al., 2005; Qiao et al, 2005). Fig. 8.15 (A) contains the XRD curves of pure 
zeolite beta and PSF/beta mixed matrix hollow fibers with the d-space being labeled 
aside each curve. The intensity of the curve for zeolite beta has been shrunk by 5 times to 
give a suitable comparison with other curves in one graph. Several peaks typical of 
zeolite beta can also be observed in the curves for all the PSF/beta mixed matrix hollow 
fibers. For the as-spun fibers, the d-space is 5.68 Å. After thermal treatment, the d-space 
decreases slightly to 5.58 Å. For the fibers with p-xylenediamine and thermal treatment, 
the d-space is further reduced to 5.38 Å. During thermal process, two changes take place: 
(1) strong relaxation and significant chain rearrangement and densification; (2) the size of 
the polymer/zeolite interface voids dwindles. Fig. 8.15 (B) displays the XRD pattern of 
the neat PSF/Matrimid hollow fibers with the same treat procedures. The d-space for neat 
PSF changes in almost the same pattern as that in PSF/beta mixed matrix hollow fibers. 
The as-spun fiber has a d-space of 5.55 Å; after heat treatment, the d-space decreases to 
5.5 Å. The smallest d-space of 5.35 Å existing in the fibers with p-xylenediamine and 
heat treatment may indicate that the p-xylenediamine have some interaction with PSF 
through hydrogen bonding as shown in Fig. 8.8. However, the d-space in neat PSF is 
always smaller than that in PSF/beta mixed matrix structure processed with same post-
treatment conditions. The certain amount of defects in the mixed matrix membrane might 
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give rise to this difference.  








Fig. 8.15. XRD analysis of the dual layer hollow fibers DL2A (20 wt. % zeolite 
loading) with: (A) mixed matrix dual-layer hollow fiber; (B) neat PSF/Matrimid 
hollow fiber. beta: zeolite beta; original: as spun hollow fibers; 200: fibers heat 
treated at 200oC; p-x+200: hollow fibers with p-xylenediamine/methanol soaking 





For the first time, a novel p-xylenediamine/methanol treatment has been introduced in the 
fabrication of high performance mixed matrix hollow fibers for gas separation. The 
strategy employed to carry out this novel treatment is to soak the nascent hollow fiber 
with mixed matrix structure into this chemical solution; after heat treatment to densify the 
PSF structure, the p-xylenediamine still acts as primer and a strong bonder between the 
two phases. Based on the gas separation results and characterizations in this research, the 
following conclusions can be made:   
(1) The morphology of the as spun hollow fibers shows that the particles located near 



































matrix structure with the surrounding polymer due to the instantaneously 
solidified polymer phase. However, a continuous defect-free skin structure has not 
been obtained, due to the defects existing in the polymer matrix and the 
detachment of polymer chains from the particle surface during post treatment.  
(2) Thermal treatment with p-xylenediamine/methanol solution soaking as a 
pretreatment produces a more uniform and less defective mixed matrix structure 
in the outer mixed matrix layer of the dual layer hollow fibers. Some fibers even 
obtain selectivity much higher than Knudsen diffusion even without silicone 
rubber coating, which indicates the significantly reduced amount of defects.   
(3) After the two-step silicon rubber coating, the mixed matrix hollow fibers with p-
xylenediamine/methanol solution soaking and thermal treatment show selectivity 
much higher than neat PSF/Matrimid hollow fibers. Possible causes for the 
improvement are physical crosslinking/rigidification of polymer chains induced 
by zeolites, partial pore blockage of zeolite pores and the possible interaction 
between the gas penetrant and zeolite internal surfaces.  
(4) Physical characterization including XRD confirms that the p-xylenediamine may 
have some interaction with the polymer chains. In combination with the hydrogen 
bonding between the p-xylenediamine and zeolite surface, the intimate attachment 






CHAPTER NINE  
 




9.1.1 Neat polymeric dual-layer hollow fibers 
 
This part has described the spinning and characterization of dual-layer hollow fiber 
membranes for gas separation. The skin layer thickness of produced hollow fibers is 
calculated to be less than 0.3 µm which is the thinnest ever reported. Several aspects 
closely concerning the formation of applicable and high performance dual-layer hollow 
fibers were investigated and discussed:   
 
(1) By applying appropriate polymer concentration to the inner layer dope, delamination 
free dual-layer hollow fibers have been fabricated. Higher spinneret temperatures can 
accelerate interlayer diffusion between the two polymer solutions due the low dope 
viscosity and high molecular diffusion rate at elevated temperature.  
 
(2) Similar to the situation in the integrally skinned hollow fiber, the spinneret and 
coagulant temperatures play important roles on dual-layer membrane performance. 
The coagulant and spinneret temperatures being both 25oC lead to hollow fibers with 
a better performance (O2/N2 selectivity of 6.26 in pure gas tests and CO2/CH4 
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selectivity of 40 in mixed gas tests).   
 
(3) Additionally, due to the complicated situations of co-extrusion of two dopes, the 
separation performance of dual-layer hollow fiber membranes is very sensitive 
to relative flow rates of the two dopes. It is found that a low outer-layer flow rate 
may result in a defective outer layer, while a high outer-layer flow rate may lead to a 
much thicker and defect-free outer skin layer.  
 
(4) The possible formation mechanism for the macrovoids has been discussed based on 
the observation in this work. A double layer of “tear-drop-like” macrovoids are 
formed for the dual-layer membranes spun at low coagulant temperatures. SEM 
pictures show the marks of non-solvent penetration from outer side to the inner side. 
Therefore, it is concluded that the outer coagulant can penetrate the nascent and thin 
outer polymer solution layer and induce macrovoids in the second polyethersulfone 
layer.  
 
9.1.2 Mixed matrix membranes 
 
For the mixed matrix membranes incorporating zeolite particles, both flat sheet dense 
film and hollow fibers with improved separation performance has been produced:   
 
(1) A new material for gas separation, carbon-zeolite KY composite membrane was 
fabricated through the carbonization of zeolite-filled mixed matrix membrane.  The 
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composite membrane comprised zeolite KY entities incorporated in carbon 
membrane matrix, and yields a very attractive separation membrane, 
capitalizing on their superior separation properties of high separation 
performance and stability.  This study demonstrates for the first time that pyrolysis 
of zeolite-filled MMMs can play an essential role in producing robust membranes for 
the application in harsh environment. 
 
(2) To develop polymer/zeolite mixed matrix structure into hollow fibers will broaden its 
application; however, the formation of mixed matrix hollow fibers through phase 
inversion is an immediate challenge faced by the conventional phase inversion 
technology for producing neat polymeric hollow fibers. The work in this research is 
not complete; nevertheless, it provided some fundamental insight in both the 
morphology and performance control in the fabrication of the mixed matrix hollow 
fiber.  
 
One of the significant findings is that the particle/zeolites (in submicron size) 
distribution density on the outer surface (the selective skin in most cases) of the 
dual-layer hollow fiber increased tremendously with increasing draw ratio. This 
approach probably may be a much more convenient way of bringing out the effect of 
molecular sieves in gas separation membrane than directly increasing the molecular 
sieves loading in the dope solution, as the latter will significantly increase the 
viscosity of the polymer solution and imposes more difficulties to the spinneret 
design and spinning process.  
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The efforts at revitalizing and further improving the performance of these 
hollow fibers are concentrated on eliminating interface defects through a novel 
“primer”, thermal treatment, and a new silicon rubber coating. The perselectivity 
of all the as-spun mixed matrix hollow fibers are dominated by Knudsen diffusion 
due to the defects mainly caused by polymer/zeolite interphase of which the 
formation mechanism has been discussed. After previously mentioned treatments, the 
perselectivity can be improved to be superior over that of neat polymeric material. 
The reasons for the selectivity enhancement are attributed to the properties pertaining 
to the zeolites, polymer, and the changes in such properties in the mixed matrix 
structures.  
 
9.2 RECOMMENDATIONS AND FUTURE WORK 
 
9.2.1 Dual-layer composite hollow fibers 
 
The type of dual-layer composite hollow fibers represents a promising direction in the 
membrane process for gases separation (Paul and Yampol’skii, 1994); however, much 
more work is needed to fully understand the various conditions potentially influencing 
the properties of dual-layer hollow fiber membranes.  
 
For neat polymeric hollow fibers with different polymer for the two layers respectively, 
delamination-free structure is of uttermost importance, since it determines whether the 
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fibers can be used or not; the conditions that may be involved have been systematically 
summarized in (Li et al., 2002; Li et al., 2004b). In this work, the interlayer diffusion has 
been assumed to occur more seriously at higher spinneret temperature. Nevertheless, to 
what degree the interlayer diffusion can happen, what is its relation with the attachment 
between the two layers, and what are the other factors that may affect the phenomenon 
are worthy of investigating.  Secondly, the skin layer separation performance determines 
the efficiency in the application. The study in this work for the first time explores the 
effects of various spinning conditions on the dual-layer membrane performance. However, 
the resistance to gas transport from different layer may change in opposite trends under 
the same condition; as pointed out by several researchers (Henis and Tripodi, 1981; Van’f 
Hof, 1988; Pinnau and Koros, 1992; Clausi, 1998), the substructure seriously depress the 
selectivity of the overall membrane. Therefore, to get to know the transport property of 
the inner layer by an appropriate experimental design and to correlate the outer skin layer 
microstructure with the separation performance may help us identify the optimum 
spinning condition for getting a dual-layer hollow fiber with reasonable performance.  
 
The work has also provided a possible way of improving the polymer/zeolite mixed 
matrix hollow fiber performance; to our disappoint, however, the production is extremely 
low due to the densification of whole outer layer at high temperature heat treatment and 
the limitation of spinning technology of getting an ultrathin (submicron) outer layer. 
Therefore, the future work is directed at improving productivity of the mixed matrix 
hollow fibers. The densification of polymer substructure of the outer layer structure may 
be mitigated by lowering the thermal treatment temperature which requires significantly 
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diminishing both the defects number and size. Zeolite surface modification with silane 
coupling agent followed by attachment to the polymer chains may solve the problem; 
because the covalent bonding can strongly hold the polymer chains to the particles during 
the phase inversion process and later aging process. Without these covalent bonds, the 
particles and polymer at the skin may have a interphase to separate them due to the 
following reasons: 1) the different surface tension may lead to detachment, 2) the 
preferential sorption of water at the particle surface may form a water layer as a barrier to 
prevent the polymer contacting with zeolite, and 3) the initial close attachment of the two 
phases may deteriorate owing to the polymer relaxation and contract.  
 
9.2.2 Polymer/zeolite flat sheet membrane 
 
Though the commercial application requires the mixed matrix materials to be formed into 
the asymmetric structure, the flat dense film is still useful in help us understand the 
mechanism for the performance variation as a function of zeolite, since such physical 
properties as the selective layer thickness, the particle loading can be obtained accurately. 
In the previous study in this work and by other researchers, many factors were applied to 
explain the change in the performance of the continuous phase after addition of particles. 
Yet, except for few works, most of these factors has not been decoupled and confirmed. 
One aspect of interest is the effect of particle size on the membrane performance. For the 
polymer chain rigidification phenomenon, the particles with different sizes and utterly 
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ZEOLITE BETA (β) SYNTHESIS AND  
CHARACTERIZATION (CHAPTER 6, 7, 8) 
 
A.1 SYNTHESIS OF ZEOLITE β 
 
Zeolite β can be synthesized using many different methods, dependent on the silica 
sources used. The method employed here was similar to that reported by Borade et al. 
(Borade and Clearfield, 1996). In the synthesis in our lab, the batch composition was 
1.5Na2O: 1.0Al2O3: 10TEAOH: 30SiO2: 245H2O, which was slightly different from that 
of (Borade and Clearfield, 1996). Based on the above formula, 1.546g sodium aluminate 
(Na2O, 33.2 wt%, Na2O/Al2O3=1.5) was measured and put into a 250ml beaker; the 
sodium aluminate was dissolved in 8ml DI water under constant stirring. The clear salt 
solution thus formed was then added with 19ml tetraethyl ammonium hydroxide 
(TEAOH, 40 wt% aqueous solution, 1.06g/ml) and 5ml of DI water balance while stirring. 
15 minutes later, 10.0 g fumed silica was added into the resultant solution under stirring; 
the mixture initially appeared to be a dry powder but turned into a very dense and 
homogeneous gel after about 3-hour stirring. The viscous gel was transferred into a 
200ml Teflon container that was set in a stainless steel autoclave. The crystallization of 
zeolite β was carried out at 170oC under an autogenous pressure for 24-48 hours. The 
autoclave was directly quenched with tap water after taken out from the oven. The 
resultant product was thoroughly washed with DI water till a PH value of 8.5 and then 
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was centrifuged at 10000 circles/minute for 5 minutes to extract The powders. The final 
product was dried at 70oC for 12 hours.  
 
A.2 TEMPLATE REMOVAL FROM FRESHLY PREPARED ZEOITES 
 
Zeolite materials are generally synthesized by using self-assembling organic surfactants 
that serve as the template. After synthesis, the template must be removed to form the 
sieve pore prior to any potential applications. Conventionally, the organic template is 
removed by high temperature calcinations; however, with such method, the organic 
template is directly burned off and the final particles might form agglomerates. In this 
sense, the synthesized zeolites are large zeoite crystals which are not suitable to prepare 
homogeneous zeolite suspension to develop practical composite membranes with 
polymer matrix.  
 
Recently, Wang et al. (Wang et al., 2002a) proposed a polymer-networking method as a 
supplement to the conventional procedure for template removal; by applying a certain 
polymer-net work in the particle suspension/around the particles, the zeolite aggregations 
can be avoided. Therefore, this novel method was adopted in our method with some 
trivial modifications in order to prevent nanocrystal aggregation. Firstly, the washed 
zeolites were dispersed into DI water by using an oscillator. The monomer (acrylamide), 
crosslinker (N, N’-methylenebisacrylamide) and initiator ((NH4)2S2O8) were added into 
the zeolite particle suspension under agitation. Typically, 1.0 g monomer, 0.1mg/g 
crosslinker and 25mg/g initiator was added into a 10-g zeolite water suspension which 
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contains around 5 wt. % zeolite. Then, the resultant mixture was stirred for 30 minutes 
before heated to 70oC for polymerization. The crosslinked elastic hydrogel was dried in 
air at 90oC overnight. Thereafter, the obtained solid polymer-zeolite composite was 
directly calcinated at 550oC for 10 hours at a scanning rate of 5oC/min to remove the 
template and polymer in air. The approach proposed by Wang et al. (Wang et al., 2002a) 
was first doing carbonization at 500oC under N2 followed by calcinations under O2.  
 
Fig. A.1 shows the framework of zeolite beta. Fig. A.2 displays the FESEM pictures and 
XRD pattern of the synthesized beta. Fig. A.3. is the particle size determined by the laser 
light scattering (LLS) system.  
 
Channels: <100> 12  6.6 x 6.7** ↔ [001] 12  5.6 x 5.6* 
12-ring viewed along <100> 
Framework viewed along [010]. 
(a) 
12-ring viewed along [001] 
                         (b)
 




* http://www.iza-structure.org/databases/ (This website was designed and implemented by Ch. 
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Fig. A.2. FESEM picture (a) and XRD pattern (b) of the self-synthesize zeolite beta. 
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A NEW TESTING SYSTEM TO DETERMINE THE O2/N2 MIXED GAS 
PERMEATION THROUGH HOLLLOW FIBERS WITH AN OXYGEN 
(CHAPTER 7) 
 
B. 1 SYSTEM DESCRIPTION AND MEASUREMENT PROCEDURE 
 
A schematic diagram of apparatus using the oxygen analyzer for O2/N2 mixed gas 
permeation test through hollow fiber membranes was shown in Fig. B.1. Stainless steel 
components such as tubing, union tees and connectors were used in the construction of 
testing system. A hollow fiber module was attached in a shell feed method of operation. 
This module was made by assembling some pieces of fibers into a bundle. One end of the 
bundle was sealed with a 5min rapid epoxy resin (Araldite®, Switzerland), while the shell 
side of the other end was glued onto the Swagelok VCR® union tee using a regular epoxy 
resin (Eposet®). It took 8h to fully cure the Eposet® resin. Two membrane modules with 
different polymers were tested in this work. The module specifications and experimental 
conditions are summarized in Table B.1. 
 
Purified air including 21%±1% O2 was used as the feed gas and was pushed to the shell 
side of hollow fiber membranes continuously from a compressed gas cylinder shown in 




Fig. B.1. Schematic diagram of apparatus for O2/N2 mixed gas permeation test 
through hollow fiber membranes using the oxygen analyzer. 
 
 
A very small part of feed gas went through the wall of hollow fiber membranes and 
entered the permeate side, while most of feed gas entered the retentate side from the mid-
arm of union tee. The feed gas pressure was controlled by the needle valve 1 and shown 
by a digital pressure gauge. The feed gas pressure was adjusted to be 200psig (relative 
pressure) for the air test and the permeate side was open to atmosphere in this study. The 
system was run at ambient temperature. 
 
The whole measurement procedure comprised four steps to determine the apparent 
permeance of each species and selectivity in an O2/N2 mixed gas. The first step was to 
decide the retentate and permeate flow rates by a mass flow controller and bubble flow 
meter, respectively. The model of mass flow controller used in this work was GFC 17 

















































(Aalborg®), which cost S$1,740 including calibration. Its measurement range was 0-
10ml/min (under standard temperature and pressure). For different gases, the actual flow 
rate was the reading of mass flow controller times an adjustable coefficient because this 
equipment was calibrated with N2 as received. In our case, the adjustable coefficient is 
approximately equal to 1 for air because the adjustable coefficient is 1 for N2 and 0.996 
for O2. Firstly, the reading of mass flow controller (1) was randomly set at a certain value, 
for example 2ml/min. Secondly, the permeate flow rate was measured by the bubble flow 
meter shown in Fig. B.1. If the ratio of permeate flow rate to retentate flow rate was 
around 0.05 (i.e. the stage cut was slightly less than 0.05), the first step (i.e. measurement 
of flow rates) was finished. Otherwise, the reading of mass flow controller (1) would be 
readjusted until this requirement was achieved to eliminate the effect of concentration 
polarization (O’Brien et al., 1986; Wang et al., 2002b). In this work, the ultimate retentate 
and permeate flow rates in the air test were 0.50 and 0.0219ml/min for hollow fiber 1, 
respectively; and 0.57 and 0.0283ml/minfor hollow fiber 2 were ml/min, respectively, 
shown in Table B.1. 
 
Table B.1. Hollow fiber module specifications and experimental conditions. 
Membrane name Hollow fiber 1 Hollow fiber 2 
Membrane material polyethersulfone polysulfone 
Outer diameter of fibers (μm) 950 1000 
Inner diameter of fibers (μm) 520 550 
length of fibers (cm) 5.5 4.5 
number of fibers 11 4 
Compositions of mixed gas 21%±1% O2 in air 
or CO2/CH4 
(50/50%) 




Feed gas pressure (psig) (relative 
value) 
200 (in air) or 
190 (in CO2/CH4) 
200 (in air) or 
200 (in CO2/CH4) 
Permeate gas pressure (psig) 
(relative value) 
0 0 
Temperature (oC) 24 24 
Retentate flow rate (ml/min) 0.50 (in air) or 
1.38 (in CO2/CH4) 
0.57 (in air) 
2.70 (in CO2/CH4) 
Permeate flow rate (ml/min) 0.0219 (in air) or 
0.0819 (in CO2/CH4)




The second step was to measure the composition of retentate gas using the oxygen 
analyzer. The Advanced Micro Instrument (AMI) trace oxygen analyzer model 201 was 
applied in this study. The analyzer cost S$5500, inclusive of the installation fee. Its 
measurement range was 0-100% O2 concentration. Because the retentate flow rate was 
too small, it was impossible to produce a high positive pressure from the inlet to outlet of 
O2 analyzer to prevent the interference of atmosphere entering into the O2 analyzer. 
Addressing this problem, a special design was made here. Another mass flow controller 
(2) was connected with the O2 analyzer shown in Fig. B.1. The gas can only flow from 
the inlet to outlet in the mass flow controller and cannot flow inversely due to its special 
inner structure; therefore, the gas in atmosphere could not diffuse into the system. After 
opening the needle valves 2, 3 and 5 and closing the needle valve 4, the line from the 
outlet of mass flow controller (1) to the outlet of mass flow controller (2) was evacuated 
to remove residual gas. The electric power of O2 analyzer must be shut down during this 
period; otherwise, this action may damage the sensor of O2 analyzer by boiling the 
electrolyte. Thereafter, the needle valves 3 and 5 were closed and the electric power of O2 
analyzer was turned on. Thereupon, the retentate gas accumulated inside the O2 analyzer 
indicated by a gradual increase in the reading of O2 analyzer. After an appropriate period 
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of time, needle valves 3 and 4 were opened and the superfluous gas stored in the O2 
analyzer streamed into the atmosphere through the mass flow controller (2). The reading 
of mass flow controller (2) should be regulated to a value slightly higher than that of the 
mass flow controller (1). With a decrease in the superfluous gas contents in the O2 
analyzer, the reading of mass flow controller (2) diminished gradually until it was the 
same with that of the mass flow controller (1) (i.e. 0.5ml/min for hollow fiber 1 and 0.57 
ml/min for hollow fiber 2). At this time, the stable reading of O2 analyzer was just the O2 
concentration in the retentate gas. 
 
The third step was to measure the composition of feed gas by using the O2 analyzer again 
and then calculate the composition of permeate gas through the mass balance. In this 
study, the composition of permeate gas was not measured directly by using the O2 
analyzer because the permeate flow rate was so small that a much larger error may be 
introduced during the measurement. The tubing of feed gas was connected directly with 
the inlet of mass flow controller (1) illustrated in Fig. B.1. and the composition 
measurement was similar to that of the retentate gas. 
 
The last step was that the apparent permeance of each species in the O2/N2 mixed gas was 
calculated based on one set of differential equations developed by Wang et al. (2002b), in 
which the non-ideal gas behavior and pressure drop inside the hollow fiber have been 
considered. In the case of negligible permeate gas pressure, the selectivity of hollow fiber 
membranes for a mixed gas was equal to the ideal selectivity; that is, it can be calculated 
from the ratio of multicomponent permeances measured at the partial pressure (Wang et 
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al., 2002b; Koros et al., 1981; Tin et al., 2003). 
 
B. 2  RESULTS 
 
The performance of this new testing system is evaluated by measuring the permeance of 
two types of hollow fiber membranes in the mixed gas. The permeance of pure gas can be 
measured using the similar technique from Jones and Koros (Jones and Koros, 1994). 
O2/N2 separation results of mixed gas and pure gas are listed in Table B.2.  
 
 
Table B.2. Comparison of separation performance for hollow fiber membranes 




Mixed gas (21%±1% O2 in air) at 24oC Pure gas at 35oC 


















200 0.0631 0.00918 6.87 0.0741 0.0114 6.50 
Hollow 
fiber 2 
200 0.271 0.0423 6.4 0.306 0.0493 6.2 
 
Pure O2 and N2 gases were tested at 132 psig (relative pressure). 
 
 
It can be found that both permeance and selectivity of mixed gas are very close to those 
of pure gas when considering the effect of different testing temperatures. The results 
demonstrate that the new testing system devised in this work can effectively determine 
the permeance and selectivity of hollow fiber membranes in the separation of O2/N2 
mixed gas. The total price of apparatus applied in this new testing system including one 
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oxygen analyzer, two mass flow controllers and one bubble flow meter is no more than 
S$10,000 which is much lower than that of GC-MSD apparatus. In order to further prove 
the authenticity of O2/N2 mixed gas permeation results measured by the O2 analyzer, the 
same hollow fiber samples were used to separate the CO2/CH4 (50/50%) mixture. The 
testing procedure was similar to that applied in the air separation and the composition of 
CO2/CH4 mixed gas is determined by GC instead of the O2 analyzer. Experimental 
conditions and parameters can be found in Table B.1. CO2/CH4 separation results of 
mixed gas and pure gas are given in Table B.3. It can be seen that the difference between 
mixed gas and pure gas was almost negligible if considering the effect of different testing 
temperatures, which again justify that this new testing system with the much lower cost 
can fulfill the purpose to measure O2/N2 mixed gas separation performance through the 
hollow fiber membranes. 
 
Table B.3. Comparison of separation performance for hollow fiber membranes 
between the CO2/CH4 mixed gas and pure gas measurements. 
 



















190 0.164 0.00485 33.8 0.187 0.00641 29.2 
Hollow 
fiber 2 
200 0.807 0.0249 32.4 0.835 0.0267 31.2 
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